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Plant MAP3Ks have expanded significantly compared to their metazoan counterparts.  A 
new, sequential workflow combining multispecies ortholog clustering and newly built, 
family-specific HMMs is used to identify the MAP3K gene family within seven plant 
species, allowing for a refinement of previously proposed gene family cladding and the 
novel identification of the MAP3K gene families in the allotetraploid cotton Gossypium 
hirsutum and newly sequenced monocot seagrass Zostera marina.  The MAP3K gene 
family architecture is further refined and validated using bioinformatics analyses before 
the recently characterized Arabidopsis Raf-like MAP3K ILK1 is identified and 
characterized in upland cotton.  Transient gene silencing reveals an increase in RKN 
susceptibility following GhILK1.1 silencing in the susceptible TM1 cultivar.  No changes 
in susceptibility were seen in the resistant M240 cultivar or against reniform nematodes.  
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Since the release of the first sequenced plant genome for Arabidopsis thaliana, 
over 230 angiosperms have been completely sequenced and have their genomes 
deposited in publically accessible databases (1,2).  Relative to Arabidopsis, most plant 
genomes enjoy less fidelity and are assembled as hundreds or thousands of contigs with 
significant segments of the genome either missing or placed in the incorrect orientation.  
Large genome sizes, expansive areas of highly repetitive regions, difficult to sequence 
heterochromatic regions such as centromeres, and polyploidy are all common bottlenecks 
responsible for impeding reference-quality plant genome identifications.  Despite these 
issues, draft genomes often capture the functional gene space – or the collection of 
encoded genes within an organism – well and thus are excellent tools for examining an 
organism’s phylogeny and gene family evolution (3).  A comparative, multispecies 
examination of the evolution of functionally conserved gene families within both well-
studied model plants and emerging, newly sequenced plants of agricultural and 
environmental importance is now feasible and would aid in the functional annotation of 
individual genes and complete gene families future researchers can leverage to fortify 
plant life against a rapidly changing global environment. 
The globally important Gossypium hirsutum is one such commercial crop 
possessing a recently sequenced draft-quality genome.  For decades a satisfactory 
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assembly of upland cotton has been difficult to resolve due to a predicted genome size of 
about 2.3GB (compared to 0.125GB size of Arabidopsis), an abundance of repetitive 
sequences (over two thirds of its genome is composed of repeated sequences), and high 
genetic redundancy due to an allotetraploid genome (4).  Recent efforts utilizing BAC 
end sequencing, Illumina resequencing, physical mapping, and additional screening of 
small repetitive scaffolds have further improved genome annotations and resulted in the 
pre-release of a high-quality Gossypium hirsutum genome assembled into 26 synteny-
oriented chromosome-level scaffolds available on Phytozome (5).  Similarly, the genome 
of the seagrass Zostera marina -a uniquely evolved marine angiosperm with adaptations 
important for specialized ion homeostasis, nutrient uptake, and O2/CO2 exchange- has 
also been newly sequenced (6).  Able to survive in a high salinity environment, 
comparative analyses with major crop plants and model plant species would improve our 
understanding of how plants have evolved to tolerate a wide range of environments. 
Neither plant species presently has any known examination of its MAP3K gene 
family.  With significant expansions across the plant kingdom, the MAP3K gene family 
is widely studied as its constituents and downstream interactors – MAP2Ks and 
subsequently MAPKs – have frequently been linked to functions in regulating 
development and responding to a wide range of biotic and abiotic stresses.  MAPK 
cascades, initiated by MAP3Ks, have been shown to generate a variety of stress 
responses including the generation of reactive oxygen species (ROS), activating 
downstream defense genes (R genes), promoting the strengthening of cell walls, 
modulating stomatal openings to decrease the rate of pathogen entry into host plant 
tissues, and modifying plant growth and developments during times of stress (7,8).  The 
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co-identification of the MAP3K gene families of G. hirsutum and Z. marina in parallel 
with the MAP3K gene families of relatively well-studied model organisms would allow 
for the novel annotation of genes involved in stress tolerance in response to otherwise 
damaging local stimuli.  
Recently, the ILK1 gene in Arabidopsis has been characterized as a functional 
Raf-like MAP3K involved in regulating homeostatic ion fluxes to respond to 
hyperosmotic stress and function in mediating resistance against bacterial pathogens (9).  
ILK1 has been shown to function in PTI-mediated plant immunity, defined as the primary 
basal immune response system plants utilize to rapidly respond to environmental 
challenges.  Further, ILK1 operates downstream or independently of ROS production and 
instead is involved in ion homeostasis regulation through an interaction with the HAK5 
K+ transporter.  Although ILK1 does not appear to phosphorylate HAK5, ILK1 promotes 
the accumulation of HAK5 allowing cell membranes to depolarize more rapidly in 
response to perceived PAMPs.  This depolarization is often followed by a rapid influx of 
extracellular Ca2+ ions responsible for a range of downstream signaling events (10).  PTI 
responses work together to control early pathogenesis and the robustness of such 
responses ultimately decide the virulence of invading pathogens.   
Although numerous genes involved in later ETI responses have been studied in 
response to phytonematodes, PTI responses have thus far been difficult to examine.  
Accurately identifying early nematode infection time points, the isolation of significant 
amounts of infected tissues during early stage nematode infections, and differentiating 
between PTI responses and later ETI responses have largely impeded the study of PTI 
responses against plant-parasitic nematodes (10).  To the authors’ best knowledge, only a 
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single instance of PTI responses against phytonematodes has thus far been reported.  
BAK1, a known interactor of FLS2, is widely known to function in flg22 (a bacterial 
MAMP) recognition and initiate downstream MAPK cascades ultimately promoting PTI-
mediated innate immunity (11).  Silencing of the BAK1 gene in Arabidopsis has recently 
been shown to increase RKN susceptibility due to a decreased capacity to initiate a PTI 
response (12).  In cotton specifically, no such interactions have been described, and only a 
single gene has been previously characterized as having a direct role in mediating RKN 
resistance.  MIC-3, encoding a 14 kDa polypeptide lacking presently distinguishable 
functional motifs, was previously shown to increase RKN susceptibility in cotton 60-75% 
in transgenic lines (13). 
In this study, the MAP3K gene families of seven plant species are characterized 
using a newly developed methodology combining aspects of HMMs with extensive 
multispecies orthogroup clustering to reveal significant expansions in agronomical and 
environmentally important monocots and dicots.  The MAP3K gene families of G. 
hirsutum and Z. marina are examined for the first time, and bioinformatics analyses are 
used to refine previously proposed gene family claddings.  Further, ILK1 homologs in G. 
hirsutum are identified and transiently silenced to identify functional orthologs shown to 
function in RKN resistance.  This study combines bioinformatics analyses with functional 
gene characterization to translate previous gene characterizations from model plant 






MULTISPECIES GENOME-WIDE ANALYSIS DEFINES THE MAP3K GENE 
FAMILY IN GOSSYPIUM HIRSUTUM AND REVEALS CONSERVED FAMILY 
EXPANSIONS 
Abstract 
Gene families are sets of structurally and evolutionarily related genes – in one or 
multiple species – that typically share a conserved biological function.  As such, the 
identification and subsequent analyses of entire gene families are widely employed in the 
fields of evolutionary and functional genomics of both well established and newly 
sequenced plant genomes.  Currently, plant gene families are typically identified using 
one of two major ways: 1) HMM-profile based searches using models built on 
Arabidopsis thaliana genes or 2) coding sequence homology searches using curated 
databases.  Integrated databases containing functionally annotated genes and gene 
families have been developed for model organisms and several important crops; however, 
a comprehensive methodology for gene family annotation is currently lacking, preventing 
automated annotation of newly sequenced genomes.  This paper proposes a combined 
measure of homology identification, motif conservation, phylogenomic and integrated 
gene expression analyses to define gene family structures in multiple plant species.  The 
MAP3K gene families in seven plant species, including two currently unexamined 
 
6 
species Gossypium hirsutum, and Zostera marina, were characterized to reveal new 
insights into their collective function and evolution and demonstrate the effectiveness of 
our novel methodology.  Compared with recent reports, this methodology performs 
significantly better for the identification and analysis of gene family members in several 
monocots/dicots, diploid as well as polyploid plant species.   
Introduction 
Mitogen-activated protein kinase (MAPK) cascades are conserved signal 
transduction pathways with important functions in plant growth, development, and 
response to environmental stresses in all eukaryotic organisms.  Consequently, the 
identification of their members – MAP3Ks, MAP2Ks, and MAPKs - is critical to a 
complete understanding of how plants respond to their increasingly challenging 
environments.  Presently, the MAP3K, MAP2K, and MAPK gene families have already 
been characterized in numerous plant species including Arabidopsis, strawberry, maize, 
canola, diploid cotton, rice, barrel clover, tomato, soybean, and grape (14–23).  While 
MAP3Ks represent the largest, most divergent, and most poorly characterized component 
of the MAPK signaling cascade, continued research into how MAP3Ks function has 
yielded a wealth of data that has yet to be integrated into a much-needed refinement of 
MAP3K genomic architectures established over a decade ago (24).  
As sequence data continues to accumulate for an ever increasing number of 
species, BLAST-based, HMM-based, and comparative homology-based searches have 
regularly been employed to identify entire gene families in a wide range of species.  
BLAST-based approaches have generally enjoyed the most popularity and involve using 
members of a known gene family in well-studied species to identify appropriate gene 
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family members in a new organism of interest based on local sequence homology.  
Recently, HMM-based searches have been gaining popularity and display higher 
accuracy in gene family identifications compared to traditional BLAST-based approaches 
(25).  Instead of relying on individual sequences to query a database, HMM-based 
searches build a single probabilistic model of an entire gene family using a collection of 
previously validated sequences.  Although both methods work well at identifying 
complete gene families, they also require extensive manual curation steps where hits are 
filtered to remove sequences that lack conserved sequence motifs or functional domains.  
While online databases such as Phytozome, PLAZA, and GreenPhylDB have been 
described as the highest performing gene family identification tool currently available 
(26), they often either include erroneously identified sequence hits, lack appropriate 
annotations necessary for accurate gene family identification, or exclude from analyses 
many newly sequenced species.  
One of the central aims of this work is to refine the underlying architecture of the 
MAP3K gene family following the evolution of flowering plants.  To this end, seven 
plant proteomes representative of the two major descendants of angiosperms, monocots, 
and dicots - were assembled and critically (re-) examined to identify and validate their 
collective MAP3K gene families.  Of the five previously examined species, tomato, 
maize, and Gossypium raimondii relied on local BLAST searches using previously 
identified Arabidopsis, rice, and maize MAP3K sequences whereas for soybean HMM 
models built from a comprehensive collection of known MAP3Ks were utilized to 
identify new MAP3K genes.  While these two methods work well at defining gene 
families, this study argues that a more integrative method utilizing orthogroup 
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identification – resulting from the OrthoMCL workflow – combined with HMMsearches 
can be a reliable methodology for gene family classifications.  Conserved motif analysis, 
phylogenetic analysis, and gene duplication/collinearity analysis can further be 
supplemented to improve the accuracy of identifying gene family structures and provide 
additional functional and evolutionary insights.  
This study proposes a sequential workflow where homology search is used first to 
decide on gene classification, followed by conserved motif analysis, phylogenetic and 
gene duplication analysis to define gene family evolution; a final step of integrating gene 
expression patterns with phylogeny offer additional functional insights and validation of 




Figure 2.1 Gene family classification workflow 





Results and Discussion 
Cluster database construction 
The proteomes of Arabidopsis thaliana, Glycine max, Gossypium raimondii, 
Gossypium hirsutum, Solanum lycopersicum, Zea mays, and Zostera marina were 
gathered from Phytozome and clustered into orthogroups of orthologs and recent paralogs 
by OrthoMCL as described below in Methods.  382,192 proteins from the seven 
proteomes were clustered into 40,524 orthogroups, excluding singletons; 63,913 
unclustered proteins (singletons) were appended to this dataset to generate a final set of 
104,437 orthogroups.  Table 2.1 below shows the representation of each species in the 
40,524 major orthogroups.   










A. thaliana 48,456 14,687 (36.24%) 1,793 220 
G. max 88,647 16,671 (41.14%) 2,603 75 
G. hirsutum 87,800 23,315 (57.53%) 1,686 11 
G. raimondii 77,267 23,016 (56.79%) 1,274 18 
Z. mays 88,760 19,891 (49.08%) 8,115 520 
S. lycopersicum 34,725 14,318 (35.33%) 1,114 244 
Z. marina 20,450 10,914 (26.93%) 507 1,001 
All transcript variants were retained during clustering.  “Unique Clusters” depict clusters 
containing only sequences from a particular species, and “Absent Clusters” represent 
clusters missing sequences from a particular species.  They are associated with 
orthogroups uniquely present or uniquely missing in a particular species of those 




MAP3Ks in Arabidopsis thaliana (9,14), Glycine max (22), Gossypium raimondii 
(18), Solanum lycopersicum (21), and Zea mays (16) had previously been critically 
examined, while identification of MAP3Ks in Gossypium hirsutum and Zostera marina is 
still lacking.  As described in Figure 1, our pipeline uses two homology search methods 
to classify MAP3K genes from the seven target species. First, we used OrthoMCL to 
identify orthogroups as described in the previous section.  By utilizing previously 
identified MAP3Ks, we uncovered MAP3K orthoclusters containing sequence hits for all 
seven examined species. Second, we used profile-HMM homology search to identify 
candidate MAP3Ks from all seven target species. HMM models were built using 
previously identified Arabidopsis MAP3K protein coding sequences for each gene 
subfamily (ZIK, MEKK, RAF).  The HMMsearch output and the cluster completion ratio 
(percentage of genes in an orthocluster above the HMMsearch threshold) were 































(Keep if cluster representation is ≥ 50%) 
Partial cluster 
(Reject if cluster representation is < 50%) 
The threshold for inclusion was set as the E-value of the last identified Arabidopsis 
MAP3K in each HMMsearch output.  A known cluster is any cluster that contains a 
previously identified MAP3K.  A singleton cluster was defined as a cluster with only a 
single gene present (including clusters with multiple transcript variants of the same gene), 
a complete cluster is a cluster where all genes are above the threshold of inclusion, and a 
partial cluster was defined as a cluster with members located both above and below the 
threshold for inclusion. All Arabidopsis MAP3Ks from the kinome examination were 
kept. 
In a comprehensive examination of the Arabidopsis kinome, Zulawski et al. (14) 
reported 48 RAFs in Arabidopsis - excluding AT2G43850 as it didn’t pass their threshold 
for inclusion as a kinase protein – exhibiting only 69.72% similarity to a kinase HMM, 
below their threshold of 70%.  AT2G43850, however, was included as a 49th RAF in the 
present study as it has recently been shown to be a functionally active RAF-like kinase 
involved in environmental stress responses (9).   
Using this classification methodology, we categorized 108 ZIK, 255 MEKK, and 
468 RAF genes.  Table 2.3 gives a comparative layout of all previously and newly 
identified MAP3Ks; a list of all presently identified MAP3Ks with their longest transcript 
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variants - organized by subfamily - can be found in Appendix Table A.1.  831 MAP3Ks – 
containing 365 newly identified MAP3Ks - were identified within the seven examined 
species, including newly identified MAP3Ks within the previously unexamined G. 
hirsutum (215 MAP3Ks) and Z. marina (51 MAP3Ks). 
Table 2.3 MAP3Ks identified in examined species 
                              ZIK   MEKK   RAF 
Species Ident. Publ. New Total Ident. Publ. New  Total  Ident. Publ. New   Total    
A. thaliana 11 11 0 11 37 37 0 37 49 49 0 49 
G. max 24 24 4 28 34 34 23 57 84 90 6 90 
G. hirsutum N/A N/A 27 27 N/A N/A 52 52 N/A N/A 136 136 
G. raimondii 12 12 2 14 22 22 5 27 44 44 26 70 
Z. mays 6 6 3 9 21 22 7 28 43 45 6 49 
S. lycopersicum 13 16 0 13 30 33 4 34 36 40 13 49 
Z. marina N/A N/A 6 6 N/A N/A 20 20 N/A N/A 25 25 
Total       108       255       468 
“Identified” (Ident.) column represents all genes identified that were previously 
published.  “Published” (Publ.) column represents previously published MAP3Ks, “New” 
column shows MAP3Ks identified in this study but not in previous studies, and “Total” 
column represents all MAP3Ks presently identified.        
Consistent with previous reports, the relative size of MAP3K subfamilies is 
similar to the one in Arabidopsis (12% ZIKs, 38% MEKKs and 51% RAFs), except for 
Gossypium where the RAFs have expanded to 63%.  While ZIKs appear to have been 
correctly identified in previous studies, the current study proposes significant additions to 
both the MEKK and RAF subfamilies.  Notably, the soybean MEKK subfamily has a 
substantial 68% increase in size compared to previous estimates while G. raimondii 
shows a large 59% increase in comparison to its reported RAF subfamily size.  For the 
newly sequenced Z. marina, a total of 6 ZIKs, 20 MEKKs, and 25 RAFs were identified, 
while the allotetraploid G. hirsutum was found to encode 27 ZIKs, 52 MEKKs, and 137 
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RAFs - approximately double the currently identified MAP3Ks in its diploid progenitor 
G. raimondii.   
We estimate that the integrative methodology has a high accuracy in assigning 
kinase families, as 96.1% of previously identified MAP3Ks were also currently 
identified.  The majority of currently excluded yet previously identified MAP3Ks were 
located in partial clusters rejected by our decision method. These excluded sequences 
were classified in partially complete OrthMCL clusters with not enough agreement with 
the HMM search results (less than 50% of the cluster members were detected above the 
cut-off threshold in the HMM output). For example, some previously identified MAP3Ks 
in S. lycopersicum (21) including Solyc10g079130 (SlMAPKKK76) -labeled CDPK14 in 
PANTHER (27)- and Solyc01g005030 (SlMAPKKK1) -classified as a transmembrane 
protein in PANTHER- showed both weak similarities to query HMM models and 
clustered in unselected orthoclusters.  On the other hand, 90% (90/100) of the newly 
identified genes within examined species were found within clusters containing at least 
one previously identified MAP3K gene.  While a more dynamic threshold of membership 
inclusion that takes into account motif and evolutionary analyses can be used to better 
resolve the most divergent members in new genomes, the presented gene family 
classification depicts a robust estimation of all MAP3Ks in the seven species examined. 
Sequence motif analysis 
Following initial gene family identification, conserved sequence motifs associated 
with subdomain VIII of MAP3K kinase domain were verified; this subdomain has been 
shown to play a major role in kinase peptide substrate recognition (28).  Although 
variations exist in motif conservation, all 108 presently identified ZIKs were found to 
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have the GTPEFMAPE(L/V/M)(Y/F/L) motif conserved with a p-value < 0.0001 as 
calculated by FIMO.  Further examination revealed that 246/255 MEKKs were found to 
have the G(T/S)Px(F/Y/W)MAPEV motif and 457/468 identified RAFs were found to 
have the GTxx(W/Y)MAPE motif similarly conserved. MAP3Ks lacking characteristic 
conserved sequence motifs include both previously known and newly identified 
MAP3Ks: 4 known and 5 new MEKKs and 5 known and 6 new RAFs.  The MEKK and 
RAF genes not selected by FIMO analysis at the significance level of 0.0001 were found 
to include more divergent motifs; reducing the stringency of FIMO searches to include p-
values < 0.001 resulted in only 1 known and 4 new MEKKs and 1 known RAF remaining 
without the presence of a detectable, diverging motif.  
We also calculated the FIMO scores of the previously identified MAP3Ks 
rejected by our decision. We detected the conserved motifs in the three excluded ZIKs 
from S. lycopersicum, in one MEKK from S. lycopersicum and in 8 excluded RAFs, 
indicating the reason for their previous classification as MAP3Ks despite divergence 
from other members of their families. Altogether these indicate that another decision 
factor for gene family membership can be based on the results of the conserved motif 
search, in addition to homology searches described in our method; conserved motifs 
associated with kinase gene families might also, however, exhibit similarities which 
would reduce their discrimination power for gene family classification. 
Conserved domain analysis revealed that while all ZIKs and MEKKs were found 
to encode only a conserved kinase domain, over half of all examined RAFs displayed 
secondary domains including Ankyrin repeat regions (12%), PB1 domains (13%), PAS 
domains (7%), ACT domains (11%) and EDR1 domains (19%).  Supplementary Figure 
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1, 2, and 3 contain cladograms for all identified ZIKs, MEKKs, and RAFs respectively, 
with representations of polypeptide sequences and relevant functional motifs highlighted 
beside sequence identifiers.  Of the 831 examined MAP3Ks only a single RAF kinase 
returned an unexpected secondary domain; the newly identified Gohir.D06G196600 
(which also encodes a PAS domain) was predicted to encode a C-terminal truncated 
COG3942 superfamily domain.  Interestingly, all RAFs with a divergent RAF sequence 
motif were found to encode secondary domains associated with suspected substrate 
recognition functions.  Eight of the eleven MAP3Ks containing a divergent RAF 
sequence motif were found to encode Ankyrin Repeat domains widely known to mediate 
protein-protein interactions (29), while the remaining three RAFs displayed EDR1 
domains which have been shown to mediate protein-protein interactions in EDR1 (30). 
Phylogenetic analysis 
Maximum likelihood trees were annotated with orthogroup identifiers generated 




Figure 2.2 Circular cladogram of ZIK subfamily in seven plant species 
OrthoMCL predicted orthogroup clusters are depicted by colored stripes beside sequence 
identifiers.  Significantly differentially regulated genes for Gossypium hirsutum are 
depicted with circles on the outer perimeter where blue circles indicate significant 
downregulation, red circles significant upregulation, and grey circles are not differentially 
regulated.  Circles represent 1) cold stress, 2) heat stress, 3) drought stress, and 4) salt 







While previous studies (17) have predicted four major clades within the ZIK subfamily - 
indicative of four ancestral ZIK genes - the current study supports the existence of 5 distinct 
clades with five major ZIK genes present before the split of monocots and dicots.  The five 
ZIK clades contain at least a single representative gene from at least five of the seven plant 
species examined – including at least one monocot and one dicot - and clustered well into 
the five major orthogroups depicted in Figure 2.2. 
MEKKs were also previously classified into four major subclades.  Orthogroup 
clustering and a more comprehensive phylogenetic examination support the addition of a 
5th MEKK clade (Clade A5 in Figure 2.3).  The new clade contains representatives from 
all species examined and contains about half of all presently identified MEKKs (118/255 
MEKKs; 67 known and 51 new).  Orthogroup cladding supports the existence of 9 
ancestral MEKKs before the split of monocots and dicots, although clade A5 appears to 















Figure 2.3 Circular cladogram of MEKK subfamily in seven plant species 
Orthogroup labeling is represented by colored stripes beside leaves.  Significantly 
differentially regulated genes for Gossypium hirsutum are depicted with circles on the 
outer perimeter where blue circles indicate significant downregulation, red circles 
significant upregulation, and grey circles are not differentially regulated.  Circles 
represent 1) cold stress, 2) heat stress, 3) drought stress, and 4) salt stress from innermost 
-> outermost circle.  Clade A1, A3, and A5 are expansions of their previously defined 
clades defined by MAPK group in 2002.  Clade A2 has been split into three subclades 
(A2-1, A2-2, and A2-3) based on orthogroup cladding.  The largely expanded clade A5 





A comparison between previously suggested RAF cladding and the present 
orthogroup cladding reveals good conservation of major clades (Figure 2.4).  However, 
three major refinements should be noted from the current analysis.  First, while all RAF 
clades appear to have undergone various degrees of expansion within the examined plant 
species, the previously proposed clade C4 – containing ATN1-like kinases – appears to 
lack this expansion and is found to be constituted of only seven members, three of which 
are in Arabidopsis with no representation in monocots.  This lack of expansion suggests a 
merging of clade C4 with its phylogenetic neighbor clade C3, which displays an 
appropriate pattern of expansion across the examined species.  The two merged clades are 
represented by the new clade C3 in Figure 4.  Second, recent domain classification in the 
CDD/SPARCLE database (31) indicates EDR1 functional domains in both clades B1 and 
B3, whereas previously EDR1 domains were only detected in clade B3.  As the two 
clades are phylogenetic neighbors, their merger results in the combination of functionally 
and evolutionarily similar RAFs into a single EDR1 clade.  In the present analysis, the 
previously proposed clades B1 and B3 are combined into the single clade B3.  Lastly, 
AT5G07140 – classified as a MAP3K-RAF following an extensive kinome examination 
in Arabidopsis thaliana (14) – is a distinct outlier among the currently identified RAF 
genes.  Orthogroup classification places AT5G07140 in a cluster containing AT5G58520, 
a predicted MAP4Ks, and no other members of this cluster were classified as RAFs in the 
HMM search output. Since there is no support in our analysis to include it with the RAF 
family, it is excluded from the currently proposed clades and instead is used to root the 





Figure 2.4 Circular cladogram of RAF subfamily in seven plant species 
Differentially regulated genes for Gossypium hirsutum are depicted with circles on the 
outer perimeter where blue circles indicate significant downregulation, red circles 
significant upregulation, and grey circles are not differentially regulated.  Circles 
represent 1) cold stress, 2) heat stress, 3) drought stress, and 4) salt stress from innermost 
-> outermost circle.  Clade B3 is a combination of previously defined clades B1 and B3.  
Clade C3 is a combination of previously defined clades C3 and C4.  Clades B2, B4, C1, 
C2, C5, C6, and C7 are analogous to previously established clades.  Leaves are colored 
according to the previously proposed cladding. 
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Gene duplication and collinearity analysis 
Gene duplication events within six of the seven species examined (Zostera 
marina was removed as its genome lacked a sufficient level of assembly) were explored 
by locating physical locations of MAP3K genes on individual chromosomes.  Figure 2.5 
depicts how gene duplication events have expanded MAP3K subfamilies within the 
examined plants. 
 
Figure 2.5 Gene duplication analysis of examined MAP3Ks 
Examination of how gene duplication events have contributed to a MAP3K family 
expansion in 6 plants (Zostera marina was removed as its genome lacks sufficient 
assembly).  WGD were responsible for the majority of predicted gene duplicates, 
especially in recent polyploids like G. hirsutum and G. max. 
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WGD/segmental (74.1%) and dispersed (20.4%) gene duplication events were primarily 
responsible for subfamily expansions.  As expected, G. hirsutum, G. max, and G. raimondii 
consistently encoded the largest number of MAP3Ks among the species examined as they 
also represent the species that have undergone the most recent major gene duplication 
events (32). 
Collinearity is a specific form of synteny requiring conserved gene order.  Of the 
215 MAP3Ks identified in Gossypium hirsutum, 211 were mapped to major 
chromosomes allowing for the detection of 194 collinear relationships.  Collinear 
relationship of 133 RAFs, 43 MEKKs, and 18 ZIKs are displayed in Figure 2.6.  As 
expected, the collinearity observed within the MAP3K family in G.  hirsutum can 
primarily be attributed to its allopolyploid genome as 70.6% of collinear blocks were 
found between the A and D subgenome – representative of gene duplicates arising from 
its recent allopolyploidy.  Although similar distributions of collinearity were observed 
within ZIKs and MEKKs, RAFs appear to have preferentially expanded within the D 
subgenome with almost twice (1.93x) as many collinear relationships present exclusively 
within the D subgenome compared to the A subgenome.  These results support previous 
observations that the D subgenome has undergone multiple rounds of duplication and 
chromosomal rearrangements (33) and indicate that the large expansion of RAFs in G. 








Figure 2.6 Circular collinearity plots of Gossypium hirsutum MAP3Ks 
Subfamily-specific collinear relationships are highlighted atop a grey genomic 
collinearity background.  While ZIKs and MEKKs display consistent collinearity 
between the two subgenomes, RAFs have preferentially expanded within the D 
subgenome. 
 
Ka/Ks ratios were calculated to examine how MAP3Ks have diverged following 
duplication; Ka/Ks << 1 generally indicates negative or purifying selection, Ka/Ks = 1 
indicate neutral selection and Ka/Ks >> 1 indicates positive selection.  The Ka/Ks of all 
G. hirsutum MEKKs and all but one ZIK and one RAF were substantially lower than 1, 
with average Ka/Ks values of 0.31, 0.36, and 0.28 reported for ZIKs, MEKKs, and RAFs, 
respectively.  These results indicate a strong selection bias towards gene function 
conservation in MAP3Ks following gene duplication events and are thought-provoking as 
they suggest conservation of signaling pathways in which MAP3Ks operate across the 
examined genomes (34,35).  The observed values are consistent with previous findings 
that species tend to preferentially retain gene duplicates involved in signal transduction 
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and stress response following duplication events, increasing their environmental 
robustness and potential for specific adaptations (36). 
Transcriptome analysis 
Patterns of gene expression in Gossypium hirsutum were explored by querying the cotton 
functional genomics database CottonFGD (37) with the newly identified MAP3K genes. 2 
ZIK, 11 MEKK, and 23 RAF MAP3Ks were found to exhibit at least a 50% change in 
expression in response to at least one biotic/abiotic stress in Gossypium hirsutum.  These 
differentially expressed MAP3Ks are labeled in Figures 2.2-2.4; further examination 
revealed that 69.4% of identified Gossypium hirsutum MAP3Ks displayed at least a 
moderate 20% change in regulation in response to at least one of the four examined factors.  
Cold stress was found to induce the largest differential expression among MAP3Ks with 
91.7% of all significantly differentially expressed genes showing differential expression in 
response to cold stress treatment.  Interestingly, MEKKs were found to consistently display 
the largest increases in differential expression with 4 of the top 5 upregulated MAP3Ks 
classified as MEKKs - while RAFs consistently displayed the largest downregulation – 5 
most downregulated MAP3Ks.   
Of the 11 identified differentially regulated MEKKs, the newly identified clade A5 was 
found to contain seven upregulated, and one downregulated MEKK – strongly indicating 
that gene expansions within clade A5 resulted in several paralogs which might be critical 
participants in cold stress response.  An examination of the many-to-many orthologous 
relationships within this clade revealed support for this claim.  The closest Arabidopsis 
orthologs for the five upregulated Gossypium hirsutum genes in cluster 3806 in Figure 2.3 
were found to be AT1G07150 and the NPK1-like AT2G30040; previous transcriptomics 
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analyses have revealed that both were rapidly and significantly up-regulated during cold 
stress responses (38).  AT2G32510, the ortholog of Gohir.D10G011600 and its homeolog 
Gohir.A10G012200, was similarly found to be upregulated in response to cold-stress (39).  
Interestingly, the only MEKK downregulated in clade A5 was Gohir.1Z039900. 
Gohir.1Z039900 displays a many-to-many orthologous relationship with AT3G50310 
(AtMAPKKK20), AT4G36950 (AtMAPKKK21), and AT5G67080 (AtMAPKKK19).  While 
AtMAPKKK19 was upregulated during drought and heat stress (40), functional 
characterization of AtMAPKKK20 revealed cold stress-induced upregulation (41) 
indicative of neofunctionalization resulting from diverging homology within some of the 
paralogs in Clade A5. 
C-clade RAFs appear to be involved in osmotic stress sensitivity.  G. hirsutum 
RAFs within Clades C1, C2, C3, and C7 displayed significantly differential responses to 
osmotic stress conditions compared to non-stressed controls (Figure 2.3).  Although not 
significantly upregulated, Gohir.A10G009900 located in Clade C5 was previously 
identified as a MAPKKK involved in drought, salt, and cold stress response (42) and 
found to be moderately upregulated (20.8%) in response to cold stress and downregulated 
in response to drought stress (22.5%) in the present transcriptome analysis. Clade C6, 
likewise, contains three G. hirsutum genes displaying moderate differential regulation in 
response to the examined osmotic stresses.  Previous functional characterizations of 
At1g62400 (HT1; Clade C5), At4g18950 (BHP; Clade C1), At2g17700, At4g35708, 
At4g38470 (STY8, STY17, and STY46 respectively; Clade C2) and At2g43850 (ILK1; 
Clade C1) further support the role in osmotic stress control for C-clade RAFs (9,43–45).  
Gohir.A08G065000 in Clade C7 was functionally characterized as GhMAP3K65 and 
 
27 
found to be involved in pathogen and heat stress susceptibility (46).  GhMAP3K65 was 
also identified as highly upregulated during cold stress treatment.  Gohir.D12G274200 in 
Clade C7 was recently functionally characterized in transgenic Nicotiana benthamiana; 
transgenic plants overexpressing Gohir.D12G274200 showed increased pathogen 
susceptibility and improved tolerance to drought and salt stress at the seedling stage (47). 
Conclusion 
Our gene family definition method integrating orthologs clustering and profile 
HMM homology search was in very good agreement with previous large-scale studies on 
defining gene families in plants. However, significant differences were detected when 
compared with studies focusing on MAP3K genes in recently sequenced organisms (S. 
lycopersicum, G. raimondii, and G. max).  That may be due to inherent difficulties in using 
a single homology search method and in defining adequate threshold levels for gene family 
definition.  Here is where the integration of the whole genome with profile-based homology 
search methods provided an adequate set of rules for gene family definition.  Also, 
conserved motif analysis, phylogenetic analysis, and gene duplication/collinearity analyses 
allowed for a better definition of gene clades, using evidence from gene family evolution 
and functional motif conservation.  Large changes from the previously reported MAP3K 
families were found in the expanded subfamily of RAFs (G. raimondii and S. 
lycopersicum) but also in the more conserved MEKK subfamily (G. max).  
Compared to previous estimates, within the re-examined species, newly identified 
MAP3Ks account for a significant change in MAP3K family size.  While previously having 
gone unreported, the newly identified MAP3Ks consistently display phylogenetic 
similarity and high sequence homology to known MAP3Ks and encode subfamily specific 
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motifs and functional domains, indicating potential shared functional equivalency. 
Although current findings provide an accurate assessment of MAP3Ks in seven plant 
species, improvements in gene family member identification could be achieved with the 
application of a more dynamically inferred threshold; potentially one defined using a 
machine learning algorithm. 
Significant expansions within the MAP3K gene family have been uncovered 
following an extensive examination of plant monocots and dicots.  These findings allowed 
for refinement of the previously proposed MAP3K family cladding.  A more 
comprehensive sampling of plant species, extensive ortholog clustering, functional domain 
characterization, and subfamily specific, HMM-based homology assessments allowed for 
a robust definition of MAP3Ks.   
In the diverging MEKK and RAF subclades, conserved subclade functionality is 
supported by transcriptomic evidence, recent gene characterization studies, and orthogroup 
clustering.  Clade C RAFs were consistently found to be differentially regulated in response 
to osmotic stresses – indicating their likely roles in osmotic stress responses; these roles 
were found to be supported by gene characterization studies of individual MAP3Ks in both 
G. hirsutum and A. thaliana.  The newly identified Clade A5 also displayed a conserved 
role in cold stress response, with support from studies in Arabidopsis.  A more extensive 
examination of MAP3Ks is needed to associate functionality with subfamily cladding.  
Identification of differentially regulated MAP3Ks can be used to detect targets of 
significant importance in plant stress response. 
Gene duplication and collinearity analyses showed that MAP3Ks had expanded 
primarily due to WGD events.  In G. hirsutum, collinearity analysis revealed that while 
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good collinearity was maintained between the A and D subgenomes in MEKKs and ZIKs, 
gene duplications within its D subgenome had an increased contribution to the expansion 
of RAF subfamily.   
The work presented in this study provides an extensive examination of how 
MAP3Ks have expanded in plants and for the first time establishes the MAP3K gene 
family in the commercially important G. hirsutum as well as the recently sequenced 
monocot Z. marina. 
Methods 
Sequence retrieval, database construction, and MAP3K identification 
To perform multispecies MAP3K analyses, the complete proteomes of Arabidopsis 
thaliana (48), Gossypium raimondii (49), Gossypium hirsutum (4), Solanum lycopersicum 
(50), Glycine max (51), Zostera marina (6), and Zea mays (52) were retrieved from 
Phytozome v12 (5).  The sequences were uploaded onto the Cyverse Discovery 
environment and clustered into orthogroups using the OrthoMCL workflow detailed at 
(https://pods.iplantcollaborative.org/wiki/pages/viewpage.action?pageId=12881253).  
Using the default E-value cutoff, the top 300 hits and alignments of each query were 
retained as input into the OrthoMCL pipeline (53).  The “OrthoMCL v1.4” application was 
used to cluster orthologs; index mode was set to all, a p-value cutoff of 1.5, percent identity 
cutoff of 0, percent match cutoff of 0, a maximum weight of 350, and an inflation parameter 
of 1.5 were used for clustering.  Orthogroups were generated by querying the output file 
using “queryOrthoMCL”. 
Subfamily-specific HMMs and HMMsearches were built and run using HMMER 
3.1b2 available at http://hmmer.org/.  The threshold used for each MAP3K subfamily is 
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defined as the first instance of a transcript variant of the lowest scoring member of a 
particular subfamily in Arabidopsis.  For the present analysis, AT5G28080.1, 
AT2G40500.1, and AT5G07140.1 were used for ZIKs, MEKKs, and RAFs with E-values 
of 3.40E-107, 4.3E-66, and 4.10E-79 respectively.  Previously published subfamily 
members from Arabidopsis thaliana (14), Glycine max (22), Gossypium raimondii (18), 
Solanum lycopersicum (21),and Zea mays (16) were used in order to compare how well 
the decision tree performed in selecting appropriate subfamily members and are 
represented in “Published” columns of Table 2.3. 
Sequence motif analysis 
Conservation of subfamily specific sequence motifs was performed using FIMO, 
part of the MEME suite of tools; unique hits in individual proteins with a p-value < 0.0001 
were associated with motif conservation (54).  Default parameters were used to query 
NCBI’s Conserved Domain Database (CDD) search tool’s v3.16 database to identify 
conserved domain motifs (31). 
Phylogenetic analysis 
Multiple sequence alignments of subfamily specific MAP3Ks were performed 
using MUSCLE (55).  Maximum likelihood trees for all alignments were built using 
MEGA v7.0.26 (56).  Best fit models were predicted using the model prediction tool in 
MEGA, and maximum likelihood trees were built with default parameters and supported 
by 200 bootstrap replicates.  Tree visualization was generated using Evolview (57).  
Cladding for all trees was based on orthogroup clustering generated from OrthoMCL and 
by using suggested cladding from the MAPK group (MEKKs and RAFs) (24); all depicted 
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major orthoclusters contained at least 5 of the 7 examined species.  All trees are available 
online at http://120.202.110.254:8280/evolview/#shared/SibKukloHk/723. 
Gene duplication and collinearity analysis 
Gene duplication and collinearity analyses were performed using MCScanX using 
GFF3 files retrieved from Phytozome (58).  Genes that lacked placement on major 
chromosomes were excluded from examination.  Collinearity circle plots were generated 
using Circos v0.69 (59). 
Transcriptome analysis 
FPKM normalized gene expression data for Gossypium hirsutum (NAU) was 
downloaded from CottonFGD (37).  Sequences had to be migrated between JGI and NAU 
datasets using BLAST.  Query sequences from JGI were BLASTed against NAU 
sequences with unique best hit matches kept for further analysis; if a query had a duplicate 
hit, the hit on the same subgenome chromosome was used if no conclusive hit was found 
the gene was removed from the further analysis).  Gene expression data for 22 ZIK, 47 
MEKK, and 124 RAFs were identified in Gossypium hirsutum.  For each gene, the 
log2(FPKM+1) of each stress treatment (cold stress, heat stress, drought stress, and salt 
stress) was subtracted from the log2(FPKM+1) of the control treatment to calculate the 
log2(Fold Change) in each treatment.  Genes that displayed 0.5 > Fold change > 1.5 were 






IDENTIFICATION OF THE FIRST GOSSYPIUM HIRSUTUM MAP3K INVOLVED 
IN ROOT-KNOT NEMATODE RESISTANCE 
Abstract 
Functional gene characterization of the ILK1 gene - recently characterized in 
Arabidopsis as a source of plant osmotic and pathogen stress resistance- was undertaken 
in Gossypium hirsutum.  The previously developed cotton leaf crumple virus (ClCrV) 
viral induced gene silencing (VIGS) vector was demonstrated to effectively transiently 
silence target gene expression in cotton roots and used to characterize a functional 
ortholog of the recently characterized Arabidopsis ILK1 gene.  ILK1 homologs were first 
phylogenetically identified and then transiently silenced in Gossypium hirsutum.  
Silencing of the GhILK1.1 set of homeologs was found to significantly increase root-knot 
nematode (RKN, Meloidogyne incognita) susceptibility in the susceptible TM1 cultivar 
2-8 fold.  Silencing of the same set of homeologs did not cause a significant change in 
susceptibility to reniform nematode (Rotylenchulus reniformis) susceptibility in TM1 or 
the previously resistant M240 cultivar.  Our results support the identification of the first 
MAP3K gene involved in basal RKN resistance in cotton.  Future work identifying an 
associated signaling pathway could uncover new sources of improved innate host plant 




With susceptible host plants ranging over 5500 different species – including all 25 
of the most produced commercial crops – the root-knot nematode (RKN; Meloidogyne 
incognita) has been labeled the most widespread and damaging obligate plant parasite 
responsible for an estimated $100 billion loss/year worldwide (60).  Although previous 
yield losses attributed to RKN in untreated, susceptible cotton crops have been estimated 
at 26%, in Mississippi only an estimated 6.1% loss in yield for the 2014 growing season 
attributed to RKN damage (61,62).  Carefully planned management strategies involving 
appropriate crop rotation, nematicides, and the planting of resistant lines are common 
strategies for dealing with harmful nematode populations.  Often, however, the difficulty 
of designing practical, efficient, and profitable crop rotations, the phasing out of 
environmentally damaging nematicides from the market, and limited availability of 
broad-spectrum phytonematode resistant lines with acceptable yield potential and fiber 
quality hinder the global potential of currently available nematode control strategies (63).  
Furthermore, despite available management options, yield losses in cotton due solely to 
nematode damage within the American cotton belt, have steadily been trending upward 
from 1% in 1987 to 5.6% in 2006 (http://www.cotton.org/tech/pest/nematode/losses.cfm).  
An understanding of early-stage pathogen resistance pathways would aid in the 
integration of improved, innate host plant resistance to phytonematodes and is the safest, 
most robust, and most economically attractive option for the future of phytonematode 
management, both locally and globally where local yield losses in cotton of 18-32% have 
previously been attributed to nematode damage (64). 
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Root-knot nematodes navigate the intercellular regions of host plant cells during 
the early J2 stage of development (10).  Female root-knot nematodes reproduce asexually 
and establish a permanent feeding site within a cluster of cells near the root vascular 
cylinder.  Using a stylet, the nematode injects secretory proteins into neighboring cells 
stimulating a change in mitotic growth regulation causing surrounding cells to continue 
growing uninhibited into structures known as “giant cells.”  These giant cells act as 
nutrient sinks, providing the nematode with a supply of food needed to develop eggs that 
eventually hatch and restart the parasitic life cycle.  This process saps nutrients from the 
host plant, results in the formation of root galls, and significantly reduces crop yield 
outputs (65).   
Before giant cell formation, RKN utilizes a predicted arsenal of 61 cell wall-
degrading carbohydrate-active enzymes (CAZymes) to invade plant root tissue (66).  
Although this tissue damage is likely to produce damage-associated molecular patterns 
(DAMPs) and induce an early stage PTI-like basal defense response, multiple difficulties 
presently impede the necessary examinations required to characterize these interactions 
between host plants and RKN (10).  As a result, characterized PTI responses have yet to 
be identified against phytonematodes in most plant hosts (67).  Studies in other 
pathosystems, however, predict a likely involvement of PTI responses.   
The only known instance of a characterized phytonematode-induced PTI response 
was documented in Arabidopsis against RKN involving the canonical PTI signaling 
interactor BAK1, a known FLS2 interactor involved in flg22 induced PTI responses (12).  
In the study, BAK1 was shown to participate in canonical PTI pathways, phosphorylating 
BIK1, which in turn phosphorylates a respiratory burst NADPH oxidase D (RBOHD) that 
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enhances ROS generation.  Interestingly, RKN perception was also shown to not involve 
the MAMP recognition receptor FLS2, suggesting an immune response pathway distinct 
from the recognition of bacteria on the surface of nematodes.  Further, of the three 
DAMP receptors examined – PEPR1, PEPR2, and DORN1 – none had a significant 
effect on altering nematode susceptibility (12).  Despite this, nematode pathogenesis 
surely produces a range of DAMPs as invading nematodes force their way into root 
vascular tissues and further into root cell cytosols.   
Following the perception of DAMPs, an assortment of downstream signaling 
events – including the initiation of mitogen-activated protein kinase (MAPK) cascades - 
work in unison to generate a basal plant immune response.  Canonical MAPK cascades 
are composed of sequential activation of MAP3K-MAP2K-MAPK kinases and work to 
transfer and amplify signals through a cell resulting in transcriptional reprogramming 
able to respond to a wide array of stresses (68).  Conserved plant MAPK cascades have 
been implicated in numerous immune responses to biotic and abiotic stresses through the 
induction of oxidative bursts, ethylene production, the expression of defense-related 
genes, and cell wall modifications (7).   
In plants, MAP3Ks have expanded significantly compared to their metazoan 
counterparts and are the primary components of evolutionarily conserved MAPK 
cascades.  A number of MAPK cascades have previously been identified in plants, the 
most well studied of which include the MAP3K EDR1 which has been shown to interact 
in a cascade with MKK4/MKK5-MPK3/MPK6 and negatively regulate plant defense 
responses and cell death (30).  More recently, the Raf-like Integrin-Linked Kinase 1 
(ILK1) has been identified as a functional MAP3K protein kinase involved in 
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hyperosmotic stress sensitivity and resistance against bacterial pathogens in Arabidopsis 
(9).  In Arabidopsis, ILKs have expanded into a small subfamily of Raf-like protein 
kinases composed of 6 distinct homologs (ILKs1-6), all with unique transcriptional 
expression patterns and localizations, but with distinctly conserved structural similarities 
including a conserved kinase domain and up to three sets of Ankyrin repeat regions (69).  
These domains within the Arabidopsis ILK1 have been linked with functions in plant cell 
stress responses and support their roles in signaling pathways regulating cellular 
homeostasis and pathogen immunity (9).   
Two distinct characteristics of the recently characterized Arabidopsis ILK1 gene 
position it as a promising candidate for regulating PTI responses against phytonematodes 
in cotton.  First, ILK1 in Arabidopsis has been shown to function in PAMP-triggered 
plant immunity (PTI).  Through interactions with the calcium sensor CML9 and K+ 
transporter HAK5, ILK1 has been shown to alter plasma membrane polarity following 
recognition of MAMPs to regulate downstream MAPK cascades, positively regulating 
plant innate immunity.  Similar signaling cascades are likely to exist in response to 
phytonematode perception in cotton, with an equivalent cotton ortholog of ILK1 
functioning in defense against nematode infection.  Second, Arabidopsis with defective 
ILK1 transcription showed significantly altered accumulation of multiple nutrients within 
cells including potassium, manganese, magnesium, sulfur, and calcium following PAMP 
perception.  Cotton ILKs may also function in pathways controlling the flow of nutrients 
within the plant.  Disruption of nutrient flow during giant cell formation may impair early 
nematode feeding site establishment, altering nematode susceptibility. 
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In this study, the Gossypium hirsutum ortholog of the Arabidopsis ILK1 is first 
identified by homology to the recently characterized Arabidopsis ILK1 and subsequently 
through functional characterization in cotton seedlings.  Transient silencing of an 
orthologous set of upland cotton ILK1 homeologs was shown to increase cotton 
susceptibility to RKN 2-8 fold compared to empty vector control plants; however, 
silencing of the same set of homeologs did not affect susceptibility in the RKN resistance 
line M240, nor did silencing alter susceptibility to reniform nematodes.  From these data, 
we conclude that ILK1 orthologs in upland cotton likely play a central role in basal plant 
resistance specifically against RKN. 
Results 
Assessment of inoculation methods and generation of GhAct7 control 
Viral-induced gene silencing (VIGS) was performed using the previously 
developed cotton leaf crumple virus (ClCrV) binary vector carried within Agrobacterium 
strain Gv3101.  A construct silencing the previously characterized cotton GhAct7 gene 
was generated(70).  VIGS construct generation is detailed below in Methods.  Two 
different Agrobacterium mediated silencing protocols -agro infiltration of cotyledons and 
agro-drenching of the plant soil substrate - were also tested to examine which produced 







Figure 3.1 GhAct7 silencing in upland cotton 
In the box-and-whisker plots, all values are representative of measurements from 8 
individual cotton seedlings 13 days after silencing.  * indicates significance at a p-value 
of at least 0.05.  ** indicates significance at a p-value of at least 0.01.  “Actin” indicates 
GhAct7 silenced plants and “EV” indicates empty vector control plants.  A red star 
indicates an outlier.  A) Comparison of root length, B) Comparison of stem length, C) 
Visual phenotype of GhAct7 silencing in stem and roots of silenced and control cotton 
plants.  D) Change in expression of GhAct7 gene in silenced and empty vector control 
plant. 
The agro-infiltration method performed significantly better than the agro-drench 
method following comparisons of seedling stem and root lengths between empty vector 
control (EV) and GhAct7 silenced (Actin) treatments (Figure 3.1a and Figure 3.1b).  
Although no significant difference was observed among seedlings drenched with VIGS 
constructs targeting the cotton actin gene or seedlings infiltrated/drenched with empty 
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vector constructs (ANOVA calculated p-value of 0.1), actin infiltrated seedling root 
lengths were significantly shorter than empty vector infiltrated root lengths with an 
average length reduction of 2.5cm (p value 0.01).  Similarly, stem heights were 
significantly shorter in actin infiltrated plants compared to empty vector infiltrated plants 
with a height reduction of 2.4cm (p-value 0.0005).  Drenching did not result in 
significantly reduced root length or stem height (p-value > 0.05) but did result in an 
average root length reduction of 1.4cm and an average stem height reduction of 0.3cm.  
Actin infiltrated samples were checked for transient gene silencing using qRT-PCR and 
were found to display an almost 70% reduction in GhAct7 gene expression compared to 
empty vector inoculated seedlings (Figure 3.1d).  For all successive experiments, the 
agro-infiltration method was utilized. 
Identification of cotton ILKs 
Previously, sequence homology, ortholog grouping, functional motif analysis, and 
phylogenetic analyses have placed ILK1 as a plant Raf-like MAP3K.  In order to 
investigate the role of ILK1 as an equivalent regulator of plant stress responses in G. 
hirsutum as in Arabidopsis, the ILK subfamily of clade C1 MAP3Ks was identified in 
Arabidopsis, G. hirsutum, and G. raimondii (Figure 3.2).  Although previously six ILKs 
were identified in Arabidopsis, the ILK subfamily has expanded to include 20 distinct 
ILK genes in G. hirsutum (10 sets of homeologs) as well as 10 ILK genes in G. raimondii, 




Figure 3.2 Maximum-likelihood tree of ILK subfamily in Arabidopsis, G. raimondii, 
and G. hirsutum 
Presently examined sets of ILK1 homeologs in G. hirsutum are colored identically; a red 
star is beside all previously identified Arabidopsis ILKs.  Sequences were identified from 
preceding MAP3K examination.  500 bootstraps were performed to test phylogeny; 
bootstrap values are shown at all nodes. 
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OrthoMCL was used to cluster all proteins within seven plant species into clusters 
of orthologs and recent paralogs, classifying three of the six Arabidopsis ILKs (ILK1, 
ILK2, and ILK3) into a single orthocluster.  All members of this ILK1 orthocluster shared 
a high degree of sequence homology, although the Arabidopsis ILK3 gene was a distinct 
outlier among examined sequences despite conservation of both identified Ankyrin repeat 
regions and a kinase domain shared among the Arabidopsis ILKs (Figure 3.3).  
Interestingly, while both monocots examined - Zostera marina (seagrass) and Zea mays 
(maize) – have ILK1-like homologs, the identified homologs have fewer paralogs 






































































































































































































An examination of subdomains within the kinase region of Arabidopsis and G. 
hirsutum ILK1 homologs revealed species-specific modifications to sequence motifs 
typically conserved among eukaryotes (Table 3.2).   
Table 3.2 Conservation of Catalytically important residues in Arabidopsis and G. 
hirsutum ILKs 
Kinase Sub-Domains G-Loop I Cat. Lys. C-Loop A-Loop 
EK Consensus G-G--G K HRDL---N DFG 
ILK1 S-G--Q K HCDL---N GFG 
ILK2 S-G--Q K HCEL---N GFG 
ILK3 S-G--Q K HCDL---N GFG 
GhILK1.1 T-G--Q K HCDL---N GFG 
GhILK1.2 T-G--Q K HCNL---N GFG 
GhILK1.3 T-G--Q T HCNL---N GFG 
Differences in subdomain conservation between Arabidopsis ILKs1-3 and G. hirsutum 
candidate ILK1s.  The eukaryotic consensus is shown for comparison at the top.  
Residues known to be important for catalytic activity are shaded in red. 
One interesting observation in Table 3.2 revolves around the conservation of 
catalytically important residues in specific subdomains of the examined cotton ILKs.  
GhILK1.1 appeared to retain conservation of all three catalytically important residues 
within three examined kinase subdomains, however, GhILK1.2 only retained two of the 
three residues while GhILK1.3 retained only a single conserved residue.  Further, an 
examination of previously described substrate recognition motif among Arabidopsis and 
G. hirsutum ILKs revealed modifications from the conserved GTxx(W/Y)MAPE motif.  




Generation of GhILK VIGS silencing constructs 
Although GhILK1.1 appears to be the closest ortholog of the Arabidopsis ILK1 
gene based on conservation of catalytically important amino acid residues, all G. 
hirsutum ILK genes in the ILK1 orthocluster were selected for functional characterization. 
Fragments suitable for VIGS silencing were identified as described below in Methods 
and amplified from root DNA using primers found in Tables B.2-4; target fragments were 
checked using gel electrophoresis to ensure the correct sized fragment was being 
amplified.  Fragments unique to each set of homeologs were ligated into a modified 
cotton leaf crumple virus VIGS vector (Figure 3.4)(71).  Insert fragments were checked 
for specificity to each set of target homeologs (Figure 3.3b) and checked for potential off 
targets.  No potential off-targets were identified resulting from any insert fragment 
against the AD1-NBI v1.1 annotation of the Gossypium hirsutum genome with a 


























































































































































































































































































































































































































































































































































Characterization of the role of ILKs in plant resistance to nematodes 
The role of G. hirsutum ILKs was examined in the susceptible cotton cultivar TM-
1 and the RKN-resistant line M-240.  In an initial examination of the functions of ILK1 
candidate orthologs, susceptibility was found to be increased in GhILK1.1 silenced TM1 
plants.  GhILK1.1 silenced seedlings were the only plants to show a significant change in 
RKN susceptibility following targeted gene silencing - displaying an 8-fold increase in 
susceptibility compared to empty vector controls displaying uninhibited target gene 
expression.  Silencing of ILK1 homologs varied in each construct, with GhILK1.1 
displaying the strongest silencing at around a 90% decrease in expression compared to 
empty vector controls (Figure 3.5c).  Transient gene silencing of GhILK1.3 was more 
moderate at around 66%, and GhILK1.2 plants did not show any gene silencing compared 
to empty vector inoculated controls.  Silencing of all homeologs in a single plant (ILK 
Mix in Figure 3.5a) did not induce transient gene silencing able to significantly alter 
RKN susceptibility (Figure 3.5b).  Changes in susceptibility were also assessed in the 
nematode resistant M240 line with no significant change in susceptibility observed 
(Figure not shown).  As many constructs were tested and sample sizes were small for 
both gene silencing assessments and RKN susceptibility assays, the experiment was 
repeated focusing exclusively on GhILK1.1.  Future experiments confirming efficient 
silencing of GhILK1.2 and GhILK1.3 in more plants subjected to RKN are necessary to 






Figure 3.5 RKN susceptibility of TM1 plants silenced for ILK homologs 
A) Box and whisker plot displaying RKN susceptibility as measured by RKN egg counts 
per gram of root six weeks after inoculation with 25,000 eggs.  From left to right, egg 
count measurements are displayed for empty vector infiltrated plants, actin silenced 
plants, GhILK1.2 silenced plants, GhILK1.3 silenced plants, plants silenced for a 
combination of all GhILKs, and plants silenced for GhILK1.1.  ** indicates significance 
at a p-value < 0.01.  B) Assessment of target gene silencing 2 weeks after infiltration for 
plants infiltrated with a mixed inoculum targeting all GhILKs.  C) Target gene silencing 2 
weeks after infiltration for plants infiltrated with inoculum targeting a set of GhILKs.  For 
B and C, only a single plant was taken to quantify silencing, mean expression values are 
plotted with error bars representing standard deviation within technical replicates.  All 
values are relative to target gene expression in empty vector inoculated plant as 





Verification of GhILK1.1 in RKN resistance 
The second round of silencing, examining a larger sampling of plants strongly 
silenced for GhILK1.1 revealed a significant (p-value 0.004) increase in susceptibility to 
RKN in TM-1 when compared to empty vector controls (Figure 3.4a).  No change in 
susceptibility to reniform nematodes was observed, although the removal of three 
potential outliers from the empty vector dataset suggests a potential increase in 
susceptibility to reniform nematodes as well (p-value 0.01).  Further experiments are 





Figure 3.6 GhILK1.1 functions in RKN and not reniform resistance 
A) Box and whisker plot displaying RKN and reniform susceptibility as measured by egg 
counts per gram of root weight six weeks after inoculation with 35,000 eggs/pot for RKN 
and 14,000 eggs/pot for reniform nematodes.  ** indicates significance at a p-value < 
0.01.  Red stars indicate outliers.  B) Assessment of target gene silencing 2 weeks after 
inoculation.  Values below treatment identifiers represent biological replicates.  Error 
bars representative of the standard deviation between target gene expression in 




The agro-drench and agro-infiltration methods worked with varying degrees of 
efficacy.  Developed and tested within Solanaceae, the agro-drench method appears to 
have been less effective at inducing RNAi mediated gene silencing in cotton compared to 
the more conventional agro inoculation method.  The modification of the geminivirus 
carrying the RNAi inducing fragment might also have contributed to the loss in silencing 
efficacy.  Originally, the agro-drench method was performed using a Tobacco rattle virus 
(TRV)-derived VIGS silencing vector, whereas the current implementation utilized a 
ClCrV-derived silencing vector.  Although both RNA and DNA virus have been 
developed to elicit VIGS in plants, TRV is an RNA virus while ClCrV is a DNA virus, 
perhaps contributing to the lack of efficacy from the agro-drench method (72). 
Furthermore, a different strain of Agrobacterium (originally GV2260, we used 
GV3101) was used to carry the VIGS vector; previous studies have observed differences 
in target protein expression in plants transformed with different strains of Agrobacterium 
(73,74).  Finally, previous reports have noted that the DNA abrasion method is also not 
an effective method of inoculating ClCrV-derived silencing vectors into cotton as both 
the mechanical properties of the host leaf and the specificity of the virus affect the 
silencing viability for all virus/host combinations (71).  As the agro inoculation method 
resulted in easily distinguishable and significant phenotypic changes in cotton seedlings, 
it remains a consistently effective silencing method.   
The silencing of GhAct7 - previously characterized as having a moderate 
expression in both root and stem tissue, with 3-fold higher expression in roots (70) - 
resulted in a striking phenotype change and is an appropriate tool to visually confirm the 
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success of gene silencing in cotton root systems.  Significant and easily distinguishable 
stunting in root and stem development were observed in inoculated cotton seedlings 
silenced for the GhAct7 gene.  This stunting of tissue development is due to a reduced 
capacity to produce actin proteins necessary for optimal cell elongation during early plant 
growth. 
Previous studies have shown that RNAi mediated target gene silencing is strongly 
correlated with observed phenotypic changes in plants (75,76).  Furthermore, mixing 
multiple Agrobacterium cultures for injection into a single plant has also been shown to 
significantly reduce both silencing efficiency and the observed magnitude of phenotypic 
changes in transiently silenced cotton plants (77).  Although a 78% reduction in 
GhILK1.1 resulted in a slight (albeit not significant) increase in susceptibility in the 
mixed ILK silenced seedlings, around a 90% knockdown of the GhILK1.1 gene is needed 
for a significant increase in susceptibility to RKN.  While the silencing of GhILK1.1 was 
both successful and significantly correlated with an increase in RKN susceptibility, the 
silencing of GhILK1.2 and GhILk1.3 were less informative.  Although GhILK1.3 was 
shown to display an almost 70% decrease in expression compared to empty vector 
controls, it did not result in a significant change in susceptibility to RKN.  Improvements 
to silencing efficiency could be leveraged by optimizing silencing constructs through 
modification of the insert fragment used for targeted gene silencing.  Further 
improvements might also be available with alternative silencing methods, perhaps using 
Crisper/Cas9 mediated genome editing techniques. 
The recently sequenced allotetraploid genome of Gossypium hirsutum is complex 
and abundant with presently uncharacterized gene duplicates.  Recent whole genome 
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duplications appear to have contributed to the majority of gene duplicates within the 
MAP3K gene family (78).  Further, genes involved in signal transduction and stress 
responses – core functions of plant MAP3Ks – have been shown to be preferentially 
retained following repeated rounds of WGD and tend to have numerous paralogs (36).  
This retention and gene family expansion is clearly evident in G. hirsutum MAP3Ks as 
its recent ploidy events have resulted in significant expansions within the ILK subfamily.  
Functional characterization of GhILK1.1 revealed conserved pathogen immune responses 
predicted from its structural and phylogenetic homology to the Arabidopsis ILK1 gene.  
Further work is needed to characterize GhILK1.2 and GhILK1.3, which might function 
similarly in RKN resistance once adequately silenced.  Alternatively, these paralogs may 
have neofunctionalized to mediate resistance to different pathogens entirely, or perhaps 
pseudogenized into functionally inactive kinases.   
It has recently been shown by our lab that the Arabidopsis ILK1 gene is involved 
in flg22 responses and resistance to bacterial pathogens.  More specifically, ILK1 is 
coupled to cellular K+ fluxes through interactions with HAK5 and is an interactor with the 
Ca+ sensing CML9 (9).  These K+ fluxes are known in animals to initiate defense 
pathways against intracellular recognition of PAMPs (79); likewise, in Arabidopsis, K+ 
fluxes mediated by ILK1 were also required for PAMP-triggered PM depolarization and 
subsequence signaling cascades involved in basal plant immunity.  These changes in 
intracellular conditions have also been shown to activate MAPK signaling cascades and 
regulate downstream transcriptional reprogramming through regulation of early 
MPK3/MPK6 signaling.  We hypothesize that G. hirsutum homologs of the Arabidopsis 
ILK1 retain similar functions in PTI during plant-nematode interactions.  Although not 
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presently explored, similar signaling responses might underlie GhILK1.1 mediated RKN 
resistance.  An examination of PTI-induced ROS generation dynamics might be 
informative as studies in Arabidopsis have revealed ILK1 does not appear to play a role 
in altering the generation of ROS.  Further, an examination of orthologous MPK3/MPK6 
expression in GhILK1.1 compromised cotton would verify an equivalent signaling 
pathway between ILK1-mediated PTI responses in both Arabidopsis and upland cotton.  
Finally, a comparison between GhILK1.1-deficient and control cotton root cells might 
uncover interesting dynamics related to potential early ILK1-mediated nutrient diversion 
by invading RKN during giant cell formation. 
Conclusion 
This study produced a gene characterization assay able to transiently silence and 
characterized sets of homeologs in upland cotton.  GhAct7 was shown to produce easily 
distinguishable phenotype changes compared to empty vector controls, and can be used 
to visually assess transient gene silencing in vivo. 
GhILK1 is the first Raf-like MAP3K shown to be involved in providing resistance 
against RKN in cotton.  Six total cotton homologs of the Arabidopsis ILK1 gene were 
identified in the present study, consisting of 3 sets of almost identical homeologs.  The 
ILK subfamily appears to have expanded from 6 members in Arabidopsis to 20 members 
in upland cotton, with the largest expansion observed for cotton homologs of 
ILK6/At1G14000.  Previous characterization of the ILK1 gene in Arabidopsis suggests a 
role of GhILK1.1 in basal immune responses against a broad multitude of plant 
pathogens.  Although GhILK1.1 silencing significantly increased susceptibility to RKN in 
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the previously susceptible TM1 line, no significant change in susceptibility was noticed 
in TM1 against reniform nematodes. 
Further, no significant change in resistance was observed following silencing of 
GhILK1.1 in the RKN resistant line M240 against either RKN or reniform nematodes.  
GhILK1.1 paralogs did not appear to be efficiently silenced and might have 
neo/subfunctionalized or pseudogenized to respond to different plant pathogens or lose 
functionality altogether.  Further work is needed to confirm these predictions and assess 
paralog functionality.  
Methods 
Orthogroup identification 
All gene models for the complete proteomes of Arabidopsis thaliana (80), 
Gossypium raimondii (49), Gossypium hirsutum (4), Solanum lycopersicum (50), Glycine 
max (51), Zostera marina (6), and Zea mays (52) were retrieved from Phytozome v12 (5).  
Sequence information was uploaded onto the Cyverse Discovery environment and 
clustered into OrthoMCL defined orthogroups using the workflow detailed at 
https://pods.iplantcollaborative.org/wiki/pages/viewpage.action?pageId=12881253.  The 
all-vs-all BLASTp was conducted using the default E-value cutoff while returning up to 
the top 300 hits and alignments for each query for input into the OrthoMCL pipeline (81).  
The “OrthoMCL v1.4” application was used to cluster orthologs with an index mode set 
to all, a p-value cutoff of 1.5, percent identity cutoff of 0, a maximum weight of 350, and 
an inflation parameter of 1.5.  Re-annotated orthogroups were then queried with the 




Sequences were retrieved for all members of the ILK1 orthocluster and aligned in 
MEGA v7.0.26 (56) using MUSCLE (55).  The maximum likelihood tree was built using 
the JTT + G model with support for nodes generated using 500 bootstrap replicates.  
Motif domains were identified using the EMBL SMART search tool(82) and NCBI’s 
Conserved Domain Database search tool (31).  Three orthoclusters contained all 
homologs of all six Arabidopsis ILKs; more clusters containing additional genes unique 
to cotton or absent from Arabidopsis are possible. 
VIGS construction 
Fragments for VIGS silencing of G. hirsutum ILKs were generated by identifying 
regions within coding sequences unique to a set of cotton homeologs.  Homeolog 
sequences were examined using NCBI’s CDD to avoid regions within broadly conserved 
functional domains.  VIGS target regions were checked using the SGN VIGS tool (83) 
for possible off-target silencing.  Using an n-mer size of 21 and not allowing for any 
mismatches, all three GhILK1 silencing fragments returned zero potential off-target hits 
against the NBI v1.1 background databases along the entirety of the insert fragment.  
Primers flanking these regions were designed and modified to include HpaI and SpeI 
restriction sites allowing for insert of target silencing fragments into the ClCrV plasmid 
in an antisense manner.  Insert fragments were amplified from cotton seedling root DNA 
extracted using a Qiagen DNeasy Plant mini kit using the primers listed in Appendix B.1-
3.  HpaI and SpeI restriction enzymes were used to digest the amplified fragments before 
ligation into the previously characterized pJRT.Agro.ClCrVa.008 plasmid(71).  Ligates 
were transformed into e. coli DH5α competent cells, grown overnight on LB plates 
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containing 50 µg/ml kanamycin, and resulting colonies were checked for successful 
incorporation of the silencing fragment using colony PCR by amplifying region around 
the insert site and checking for the presence of the insert fragment at the predicted length.  
Plasmids were extracted from successfully transformed e. coli and transformed into 
competent Agrobacterium GV3101 cells using the heat-shock method.  Transformed 
Agrobacterium cells were grown at 28°C for 2 days on LB plates containing 25 µg/ml 
gentamycin, kanamycin, and rifampicin.  Agrobacterium was subsequently checked with 
colony PCR by using insert fragment specific primers.  Glycerol stocks were prepared 
from successfully transformed Agrobacterium and used to prepare future inoculums.  
RNA extraction and qRT-PCR 
RNA was extracted from 100mg of root tissue using the protocol provided in 
Spectrum Plant Total RNA extraction kits.  cDNA was generated by following the 
provided protocol in the iScript gDNA Clear cDNA Synthesis Kit from Biorad.  qRT-
PCR was performed on an ABI StepOnePlus instrument in 20ul reactions using 
SsoAdvanced Universal SYBR Green supermix. 
Plant material and growth conditions 
TM1 and M240 cotton seeds were scarified by gently filing the seed coat and 
allowed to pre-germinate in wet paper towels for around 8 hours.  For the examination of 
GhAct7, individual germinated seeds were planted in Cone-tainers filled with a mixture 
of autoclaved sand and loam and fertilized with a small amount of Osmocote.  Plants 
were watered every other day with purified water and maintained in growth chambers at 
22°C with a 16h/8h day/night cycle.  For later experiments examining ILK1 homologs in 
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cotton, to reduce variance between individual measurements, 2 plants were grouped in 
small pots and used to assess RKN or reniform susceptibility following gene knockdown. 
Transient gene silencing 
The inoculum was prepared using glycerol stocks of previously described 
silencing constructs.  From glycerol stocks, previously transformed Agrobacterium was 
grown at 28°C for two days on LB plates containing 25 µg/mL gentamycin, kanamycin, 
and rifampicin.  Cells were harvested from agar plates, and a 5 mL culture was grown 
overnight in a 28°C shaker at 180 RPM in LB containing 25 µg/mL gentamycin and 
kanamycin.  The next day, the overnight culture was used to inoculate a 50 mL flask of 
LB containing antibiotics (25 µg/mL gentamycin, kanamycin, and rifampicin), 10mM 
MES, and 20 uM acetosyringone and allowed to grow overnight in a 28°C shaker at 180 
RPM.  The next morning, cultures were centrifuged at 4000xg for 10 minutes at 4°C, and 
the bacterial pellet was resuspended in inoculation buffer containing 10mM MgCl2, 
10mM MES, and 200uM acetosyringone.  Cultures were adjusted to an OD600 of 1.5 and 
left at room temperature for 3 to 4 hours before inoculation. A and B component were 
mixed immediately before either agro-drench or agro-infiltration in a 1:1 ratio of total A 
to total B components.  For the agro-drench experiments, 1 week old cotton seedlings 
were drenched with 5 mL of inoculum, as recommended in the original protocol (73).  
For agro-infiltration, 1 week old seedlings had the underside of cotyledons perforated 
with a needle and inoculum was injected into the entirety of both cotyledons using a 
needleless 5 mL syringe.  Following either infiltration or agro-drench, seedlings were 
covered with plastic and allowed to co-inoculate overnight at room temperature before 




Two weeks after Agrobacterium-mediated silencing, seedlings were inoculated with 
nematodes.  For the first ILK examination experiment, the soil subsurface was inoculated 
with 25,000 RKN eggs/pot at three distinct spots within pots.  For the second experiment, 
to increase final egg counts, 35,000 eggs/pot were inoculated for RKN, and 14,000 
eggs/pot were inoculated for reniform nematode assays.  Seedlings were allowed to 
continue developing for 6 more weeks before roots were examined for nematode 
susceptibility (measured as eggs/g root weight).  Root tissue was washed of soil mixture 
and dried before fresh root weight was measured.  Eggs were extracted by soaking roots 
in 1% sodium hypochlorite for 3 minutes with agitation.  The resulting solution was 
poured over a #200/#500 standard sieve stack where the eggs collect on the #500 sieve.  
The eggs were transferred with 50-80 ml water to a 120 ml sample cup and stained with 
acid fuchsin.  All eggs within 1 ml were counted using a stereo-dissecting microscope.  






MAPK signaling cascades have previously been identified and characterized in 
many plant species, primarily due to their roles in regulating plant growth, development, 
and responses to stress.  MAP3Ks represent the largest, most structurally diverse gene 
family within MAPK cascades and function as the principal regulators of a diverse array 
of downstream signal transduction events.  Although great care has previously been taken 
to fully identify the expanded MAP3K gene family in multiple plants, superior search 
algorithms and the recent increase in the number of well-sequenced plant genomes have 
made it possible to refine the MAP3K gene family in angiosperms using our newly 
proposed comparative gene family identification algorithm. 
By leveraging well-annotated reference gene families to identify equivalent gene 
families in new species, we’ve refined the architecture of the MAP3K gene family in 
seven plant species.  Previous annotations of MAP3Ks within five plants were in strong 
agreement with our newly proposed MAP3K gene families, although significant 
expansions within certain subfamilies were identified.  Further, the MAP3K gene 
families within G. hirsutum and Z. marina were identified for the first time.  Although a 
more extensive examination is required before functionality can be associated with 
proposed clades, transcriptome information was used to annotate subfamily clades with 
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putative conserved functionality.  Gene duplication analyses was undertaken to examine 
the origins of presently identified plant MAP3Ks.  Finally, gene collinearity was 
examined to define how the cotton MAP3K gene family has expanded so drastically 
compared to other angiosperms.   
The novel identification of MAP3Ks within G. hirsutum was then leveraged to 
functionally characterize an ortholog of the previously examined Arabidopsis Raf-like 
MAP3K ILK1.  The ILK subfamily was shown to have expanded significantly within 
both G. hirsutum and G. raimondii compared to Arabidopsis, and six G. hirsutum 
homologs (3 sets of homeologs) were selected for functional characterization.  Although 
more work needs to be done to accurately assess the functionality of 2 sets of homeologs, 
transient gene silencing using newly created VIGS constructs revealed that a set of 
homeologs – presently identified as GhILK1.1 - functions in mediating RKN resistance in 
upland cotton.  GhILK1.1 was further shown to have no significant effect on reniform 
nematode resistance.  GhILK1.1 represents the first cotton MAP3K shown to be involved 
in mediating cotton resistance to RKN. 
In summary, a new method for comparative gene family classification was 
demonstrated – identifying for the first time the MAP3K gene families in cotton and 
seagrass – before a subset of cotton MAP3Ks were characterized and demonstrated to 
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Table A.1 All presently identified MAP3Ks in seven plant species 
Gene ID Length Identity Subfamily Duplicate type 
AT1G49160 604 Known ZIK WGD/segmental 
AT1G64630 524 Known ZIK Dispersed 
AT3G04910 700 Known ZIK WGD/segmental 
AT3G18750 567 Known ZIK WGD/segmental 
AT3G22420 666 Known ZIK Dispersed 
AT3G48260 516 Known ZIK Dispersed 
AT3G51630 549 Known ZIK Dispersed 
AT5G28080 492 Known ZIK WGD/segmental 
AT5G41990 563 Known ZIK Dispersed 
AT5G55560 314 Known ZIK Dispersed 
AT5G58350 571 Known ZIK Dispersed 
Glyma.01G132000 609 Known ZIK WGD/segmental 
Glyma.02G235700 608 Known ZIK WGD/segmental 
Glyma.02G297200 300 Known ZIK WGD/segmental 
Glyma.02G306500 297 Known ZIK WGD/segmental 
Glyma.03G036500 610 Known ZIK WGD/segmental 
Glyma.03G245500 734 Known ZIK WGD/segmental 
Glyma.04G188800 599 New ZIK WGD/segmental 
Glyma.06G151000 656 Known ZIK WGD/segmental 
Glyma.06G176800 584 Known ZIK WGD/segmental 
Glyma.07G053500 710 Known ZIK WGD/segmental 
Glyma.08G325600 299 New ZIK WGD/segmental 
Glyma.09G276300 618 Known ZIK WGD/segmental 
Glyma.10G092400 226 New ZIK Dispersed 
Glyma.10G160400 738 Known ZIK WGD/segmental 
Glyma.10G248400 730 Known ZIK WGD/segmental 
Glyma.11G159900 455 New ZIK WGD/segmental 
Glyma.13G002100 618 Known ZIK WGD/segmental 
Glyma.14G006600 297 Known ZIK WGD/segmental 
Glyma.14G016400 299 Known ZIK WGD/segmental 
Glyma.14G203700 607 Known ZIK WGD/segmental 
Glyma.16G022600 674 Known ZIK WGD/segmental 
Glyma.18G054100 610 Known ZIK WGD/segmental 
Glyma.18G081500 299 Known ZIK WGD/segmental 
Glyma.18G215100 540 Known ZIK WGD/segmental 
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Table A.1 (continued) 
Gene ID Length Identity Subfamily Duplicate type 
Glyma.19G242900 682 Known ZIK WGD/segmental 
Glyma.20G066900 618 Known ZIK WGD/segmental 
Glyma.20G145800 730 Known ZIK WGD/segmental 
Glyma.20G228000 738 Known ZIK WGD/segmental 
Gohir.1Z041900 631 New ZIK NA 
Gohir.A01G086900 294 New ZIK WGD/segmental 
Gohir.A02G031800 734 New ZIK WGD/segmental 
Gohir.A02G097500 417 New ZIK WGD/segmental 
Gohir.A05G386300 610 New ZIK WGD/segmental 
Gohir.A07G056400 611 New ZIK WGD/segmental 
Gohir.A08G124300 667 New ZIK WGD/segmental 
Gohir.A09G244300 639 New ZIK WGD/segmental 
Gohir.A10G149800 593 New ZIK WGD/segmental 
Gohir.A11G150300 297 New ZIK WGD/segmental 
Gohir.A11G226100 624 New ZIK WGD/segmental 
Gohir.A11G255500 573 New ZIK WGD/segmental 
Gohir.A12G239100 607 New ZIK WGD/segmental 
Gohir.A13G235500 593 New ZIK WGD/segmental 
Gohir.D01G073100 295 New ZIK WGD/segmental 
Gohir.D02G038500 734 New ZIK WGD/segmental 
Gohir.D04G023400 609 New ZIK WGD/segmental 
Gohir.D07G060700 609 New ZIK WGD/segmental 
Gohir.D08G145400 740 New ZIK WGD/segmental 
Gohir.D09G245200 621 New ZIK WGD/segmental 
Gohir.D10G117000 593 New ZIK WGD/segmental 
Gohir.D11G156800 298 New ZIK WGD/segmental 
Gohir.D11G231300 513 New ZIK WGD/segmental 
Gohir.D11G265300 727 New ZIK WGD/segmental 
Gohir.D12G240300 607 New ZIK WGD/segmental 
Gohir.D13G139300 299 New ZIK WGD/segmental 
Gohir.D13G241200 593 New ZIK WGD/segmental 
Gorai.001G064400 600 New ZIK WGD/segmental 
Gorai.002G096100 296 Known ZIK WGD/segmental 
Gorai.003G069600 643 Known ZIK Dispersed 
Gorai.003G075600 612 Known ZIK WGD/segmental 
Gorai.004G150400 668 Known ZIK Dispersed 
Gorai.005G042400 762 Known ZIK Dispersed 
Gorai.006G269500 621 Known ZIK WGD/segmental 
Gorai.007G167300 298 New ZIK WGD/segmental 
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Gorai.007G285300 727 Known ZIK Dispersed 
Gorai.008G257300 607 Known ZIK WGD/segmental 
Gorai.011G128900 593 Known ZIK WGD/segmental 
Gorai.012G033500 609 Known ZIK Dispersed 
Gorai.013G156000 299 Known ZIK WGD/segmental 
Gorai.013G272100 593 Known ZIK WGD/segmental 
GRMZM2G021416 566 Known ZIK WGD/segmental 
GRMZM2G023444 324 New ZIK WGD/segmental 
GRMZM2G032619 667 New ZIK Dispersed 
GRMZM2G034779 380 New ZIK WGD/segmental 
GRMZM2G084791 565 Known ZIK WGD/segmental 
GRMZM2G089159 703 Known ZIK Dispersed 
GRMZM2G116376 451 Known ZIK Dispersed 
GRMZM2G312970 592 Known ZIK WGD/segmental 
GRMZM5G878530 610 Known ZIK Dispersed 
Solyc01g096170.2 767 Known ZIK WGD/segmental 
Solyc01g097840.2 748 Known ZIK Dispersed 
Solyc03g112140.2 664 Known ZIK WGD/segmental 
Solyc05g041420.2 362 Known ZIK Dispersed 
Solyc06g071800.2 626 Known ZIK WGD/segmental 
Solyc06g082470.2 636 Known ZIK Dispersed 
Solyc07g047990.1 290 Known ZIK Dispersed 
Solyc07g065250.2 304 Known ZIK Dispersed 
Solyc08g082980.2 586 Known ZIK WGD/segmental 
Solyc09g018170.2 606 Known ZIK Dispersed 
Solyc09g076000.2 731 Known ZIK Dispersed 
Solyc10g009060.1 322 Known ZIK Dispersed 
Solyc10g009350.2 656 Known ZIK WGD/segmental 
Zosma146g00540 719 New ZIK N/A 
Zosma185g00500 650 New ZIK N/A 
Zosma270g00120 554 New ZIK N/A 
Zosma56g01260 647 New ZIK N/A 
Zosma63g00150 641 New ZIK N/A 
Zosma99g00620 292 New ZIK N/A 
AT1G05100 339 Known MEKK WGD/segmental 
AT1G07150 499 Known MEKK WGD/segmental 
AT1G09000 666 Known MEKK WGD/segmental 




Table A.1 (continued) 
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AT1G54960 651 Known MEKK WGD/segmental 
AT1G63700 883 Known MEKK Dispersed 
AT2G05060 315 Known MEKK Dispersed 
AT2G30040 463 Known MEKK WGD/segmental 
AT2G32510 372 Known MEKK WGD/segmental 
AT2G34290 265 Known MEKK Dispersed 
AT2G40500 295 Known MEKK Proximal 
AT2G40560 303 Known MEKK Proximal 
AT2G40580 311 Known MEKK Proximal 
AT2G41910 373 Known MEKK Tandem 
AT2G41920 318 Known MEKK Tandem 
AT2G41930 351 Known MEKK Tandem 
AT2G42550 344 Known MEKK Dispersed 
AT3G06030 651 Known MEKK Dispersed 
AT3G07980 1367 Known MEKK Dispersed 
AT3G13530 1368 Known MEKK Dispersed 
AT3G45670 379 Known MEKK Dispersed 
AT3G45790 376 Known MEKK Dispersed 
AT3G46140 376 Known MEKK Proximal 
AT3G46160 393 Known MEKK Proximal 
AT3G50310 342 Known MEKK WGD/segmental 
AT4G08470 560 Known MEKK WGD/segmental 
AT4G08480 773 Known MEKK Tandem 
AT4G08500 608 Known MEKK Proximal 
AT4G12020 1895 Known MEKK Dispersed 
AT4G26890 444 Known MEKK WGD/segmental 
AT4G36950 336 Known MEKK WGD/segmental 
AT5G12090 369 Known MEKK Dispersed 
AT5G27510 301 Known MEKK Dispersed 
AT5G27790 327 Known MEKK Dispersed 
AT5G55090 510 Known MEKK WGD/segmental 
AT5G66850 716 Known MEKK Dispersed 
AT5G67080 344 Known MEKK WGD/segmental 
Glyma.01G043100 328 New MEKK Dispersed 
Glyma.01G184000 633 Known MEKK WGD/segmental 
Glyma.01G186900 346 New MEKK WGD/segmental 
Glyma.01G220700 869 Known MEKK WGD/segmental 
Glyma.02G228300 466 Known MEKK WGD/segmental 
Glyma.03G106000 348 New MEKK Proximal 
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Glyma.03G106200 346 New MEKK Proximal 
Glyma.03G237600 662 Known MEKK WGD/segmental 
Glyma.04G036300 655 Known MEKK WGD/segmental 
Glyma.04G213000 601 New MEKK WGD/segmental 
Glyma.04G253500 566 New MEKK WGD/segmental 
Glyma.05G080900 634 Known MEKK WGD/segmental 
Glyma.05G094400 341 New MEKK WGD/segmental 
Glyma.05G123200 500 Known MEKK WGD/segmental 
Glyma.05G191700 600 Known MEKK WGD/segmental 
Glyma.06G036400 671 Known MEKK WGD/segmental 
Glyma.06G108900 555 New MEKK WGD/segmental 
Glyma.06G153200 616 Known MEKK WGD/segmental 
Glyma.06G226000 300 New MEKK Dispersed 
Glyma.06G243900 247 New MEKK Proximal 
Glyma.06G244200 295 New MEKK Proximal 
Glyma.06G307600 385 New MEKK WGD/segmental 
Glyma.08G015500 1038 Known MEKK WGD/segmental 
Glyma.08G078200 470 Known MEKK WGD/segmental 
Glyma.08G156900 596 New MEKK WGD/segmental 
Glyma.09G005500 422 Known MEKK WGD/segmental 
Glyma.09G135100 897 Known MEKK WGD/segmental 
Glyma.10G232800 887 Known MEKK WGD/segmental 
Glyma.10G250800 624 New MEKK WGD/segmental 
Glyma.11G022900 844 Known MEKK WGD/segmental 
Glyma.11G054400 265 New MEKK Proximal 
Glyma.11G055100 346 New MEKK WGD/segmental 
Glyma.11G058300 623 Known MEKK WGD/segmental 
Glyma.11G101700 1392 Known MEKK WGD/segmental 
Glyma.11G170000 411 Known MEKK WGD/segmental 
Glyma.12G027600 1380 Known MEKK WGD/segmental 
Glyma.12G097200 352 Known MEKK WGD/segmental 
Glyma.12G164900 329 Known MEKK WGD/segmental 
Glyma.12G192500 396 Known MEKK WGD/segmental 
Glyma.13G084100 594 New MEKK WGD/segmental 
Glyma.13G309900 398 Known MEKK WGD/segmental 
Glyma.14G080100 702 Known MEKK WGD/segmental 
Glyma.14G165700 553 New MEKK WGD/segmental 
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Glyma.14G195300 487 Known MEKK WGD/segmental 
Glyma.15G048500 472 New MEKK WGD/segmental 
Glyma.15G048600 440 Known MEKK Tandem 
Glyma.16G001200 336 Known MEKK WGD/segmental 
Glyma.16G181000 898 Known MEKK WGD/segmental 
Glyma.17G173000 341 New MEKK WGD/segmental 
Glyma.17G177900 637 Known MEKK WGD/segmental 
Glyma.17G245300 568 Known MEKK WGD/segmental 
Glyma.18G060900 387 Known MEKK WGD/segmental 
Glyma.18G244200 290 New MEKK Dispersed 
Glyma.19G235200 658 Known MEKK WGD/segmental 
Glyma.20G142900 627 New MEKK WGD/segmental 
Glyma.20G161500 888 Known MEKK WGD/segmental 
Gohir.1Z039900 359 New MEKK NA 
Gohir.A01G013000 1392 New MEKK WGD/segmental 
Gohir.A01G082200 437 New MEKK WGD/segmental 
Gohir.A02G068000 505 New MEKK WGD/segmental 
Gohir.A02G074800 575 New MEKK WGD/segmental 
Gohir.A02G156800 338 New MEKK WGD/segmental 
Gohir.A03G028800 483 New MEKK WGD/segmental 
Gohir.A03G164300 1446 New MEKK WGD/segmental 
Gohir.A05G171900 451 New MEKK WGD/segmental 
Gohir.A05G199900 531 New MEKK WGD/segmental 
Gohir.A05G232100 590 New MEKK WGD/segmental 
Gohir.A05G385300 661 New MEKK WGD/segmental 
Gohir.A08G183300 722 New MEKK WGD/segmental 
Gohir.A08G201200 519 New MEKK WGD/segmental 
Gohir.A09G050200 896 New MEKK Dispersed 
Gohir.A09G055300 667 New MEKK WGD/segmental 
Gohir.A10G012200 446 New MEKK WGD/segmental 
Gohir.A10G091500 336 New MEKK WGD/segmental 
Gohir.A10G092900 609 New MEKK WGD/segmental 
Gohir.A11G045900 711 New MEKK WGD/segmental 
Gohir.A11G264700 663 New MEKK WGD/segmental 
Gohir.A12G001400 659 New MEKK WGD/segmental 
Gohir.A12G069900 691 New MEKK WGD/segmental 
Gohir.A12G072100 350 New MEKK WGD/segmental 
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Gohir.A13G233100 480 New MEKK WGD/segmental 
Gohir.D01G014300 1205 New MEKK WGD/segmental 
Gohir.D01G068800 437 New MEKK WGD/segmental 
Gohir.D02G074000 405 New MEKK WGD/segmental 
Gohir.D02G081800 589 New MEKK WGD/segmental 
Gohir.D02G187600 1364 New MEKK WGD/segmental 
Gohir.D03G023900 338 New MEKK WGD/segmental 
Gohir.D03G139800 466 New MEKK WGD/segmental 
Gohir.D04G022500 662 New MEKK WGD/segmental 
Gohir.D05G107500 461 New MEKK WGD/segmental 
Gohir.D05G175000 407 New MEKK WGD/segmental 
Gohir.D05G202900 617 New MEKK WGD/segmental 
Gohir.D08G201900 897 New MEKK WGD/segmental 
Gohir.D08G218400 469 New MEKK WGD/segmental 
Gohir.D09G043100 896 New MEKK Dispersed 
Gohir.D09G054200 666 New MEKK WGD/segmental 
Gohir.D10G011600 446 New MEKK WGD/segmental 
Gohir.D10G095400 572 New MEKK WGD/segmental 
Gohir.D10G096700 336 New MEKK WGD/segmental 
Gohir.D11G049500 711 New MEKK WGD/segmental 
Gohir.D11G199800 359 New MEKK WGD/segmental 
Gohir.D11G274900 663 New MEKK WGD/segmental 
Gohir.D12G001200 658 New MEKK WGD/segmental 
Gohir.D12G070000 350 New MEKK WGD/segmental 
Gohir.D12G089300 724 New MEKK WGD/segmental 
Gohir.D12G137900 1419 New MEKK WGD/segmental 
Gohir.D13G238700 480 New MEKK WGD/segmental 
Gorai.002G016000 1390 Known MEKK WGD/segmental 
Gorai.002G091000 437 Known MEKK WGD/segmental 
Gorai.003G025400 338 Known MEKK WGD/segmental 
Gorai.003G146500 490 Known MEKK WGD/segmental 
Gorai.004G213200 897 Known MEKK Dispersed 
Gorai.004G232400 495 Known MEKK WGD/segmental 
Gorai.005G083400 508 New MEKK WGD/segmental 
Gorai.005G091700 589 Known MEKK WGD/segmental 
Gorai.005G210100 1428 Known MEKK WGD/segmental 
Gorai.006G049500 896 Known MEKK Dispersed 




Table A.1 (continued) 
Gene ID Length Identity Subfamily Duplicate type 
Gorai.007G053300 711 Known MEKK WGD/segmental 
Gorai.007G213900 359 New MEKK WGD/segmental 
Gorai.007G296700 646 Known MEKK Dispersed 
Gorai.008G000500 660 Known MEKK Dispersed 
Gorai.008G073600 724 Known MEKK WGD/segmental 
Gorai.008G077000 350 New MEKK WGD/segmental 
Gorai.008G149400 1419 Known MEKK WGD/segmental 
Gorai.009G111600 519 New MEKK WGD/segmental 
Gorai.009G180300 526 Known MEKK WGD/segmental 
Gorai.009G208800 747 New MEKK WGD/segmental 
Gorai.009G242600 590 Known MEKK WGD/segmental 
Gorai.011G012900 446 Known MEKK WGD/segmental 
Gorai.011G104700 613 Known MEKK WGD/segmental 
Gorai.011G106000 336 Known MEKK WGD/segmental 
Gorai.012G034500 662 Known MEKK WGD/segmental 
Gorai.013G269600 480 Known MEKK WGD/segmental 
AC197029.3 284 New MEKK singleton 
AC204050.4 470 New MEKK singleton 
AC209208.3 988 Known MEKK singleton 
GRMZM2G017654 1337 Known MEKK WGD/segmental 
GRMZM2G034877 689 Known MEKK WGD/segmental 
GRMZM2G041774 514 Known MEKK WGD/segmental 
GRMZM2G044557 633 Known MEKK WGD/segmental 
GRMZM2G064613 689 Known MEKK WGD/segmental 
GRMZM2G066120 600 Known MEKK WGD/segmental 
GRMZM2G093316 895 Known MEKK WGD/segmental 
GRMZM2G098828 674 Known MEKK WGD/segmental 
GRMZM2G130927 629 Known MEKK WGD/segmental 
GRMZM2G140726 727 Known MEKK WGD/segmental 
GRMZM2G156800 755 Known MEKK WGD/segmental 
GRMZM2G158860 525 New MEKK Dispersed 
GRMZM2G165099 475 Known MEKK WGD/segmental 
GRMZM2G173965 472 Known MEKK WGD/segmental 
GRMZM2G175504 887 Known MEKK WGD/segmental 
GRMZM2G180555 599 Known MEKK WGD/segmental 
GRMZM2G305066 479 Known MEKK WGD/segmental 
GRMZM2G335826 375 New MEKK WGD/segmental 
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GRMZM2G404078 434 New MEKK Tandem 
GRMZM2G439350 456 Known MEKK WGD/segmental 
GRMZM2G459824 490 New MEKK WGD/segmental 
GRMZM2G476477 483 Known MEKK WGD/segmental 
GRMZM2G540772 600 Known MEKK Dispersed 
GRMZM6G513881 394 Known MEKK Dispersed 
Solyc01g079750.2 688 Known MEKK WGD/segmental 
Solyc01g098980.2 1618 Known MEKK WGD/segmental 
Solyc01g103240.2 359 Known MEKK Dispersed 
Solyc01g104530.2 665 Known MEKK Dispersed 
Solyc02g064870.1 301 New MEKK Tandem 
Solyc02g064930.1 318 Known MEKK Tandem 
Solyc02g064980.1 359 Known MEKK WGD/segmental 
Solyc02g065110.2 630 Known MEKK WGD/segmental 
Solyc02g090430.2 638 Known MEKK WGD/segmental 
Solyc02g090970.1 360 Known MEKK WGD/segmental 
Solyc02g090980.1 355 Known MEKK Tandem 
Solyc02g090990.1 356 Known MEKK Tandem 
Solyc03g025360.2 890 Known MEKK WGD/segmental 
Solyc03g117640.1 405 Known MEKK WGD/segmental 
Solyc04g079400.2 715 Known MEKK WGD/segmental 
Solyc06g036080.2 913 Known MEKK WGD/segmental 
Solyc06g065660.1 325 New MEKK Proximal 
Solyc06g065790.1 357 New MEKK Proximal 
Solyc06g068510.1 426 Known MEKK WGD/segmental 
Solyc07g047910.1 485 Known MEKK Dispersed 
Solyc07g051860.1 326 Known MEKK WGD/segmental 
Solyc07g051870.1 329 Known MEKK Tandem 
Solyc07g051880.1 326 Known MEKK Tandem 
Solyc07g051890.1 329 Known MEKK Tandem 
Solyc07g051920.1 322 Known MEKK Tandem 
Solyc07g051930.1 370 Known MEKK Tandem 
Solyc07g053170.2 601 Known MEKK Dispersed 
Solyc07g064820.1 490 Known MEKK Dispersed 
Solyc08g069090.1 320 Known MEKK Proximal 
Solyc08g076490.2 377 Known MEKK Dispersed 
Solyc08g081210.2 840 Known MEKK Dispersed 
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Solyc11g033270.1 1401 New MEKK Dispersed 
Solyc12g088940.1 680 Known MEKK WGD/segmental 
Zosma100g00030 1417 New MEKK N/A 
Zosma12g00430 1258 New MEKK N/A 
Zosma135g00450 521 New MEKK N/A 
Zosma164g00170 567 New MEKK N/A 
Zosma16g00390 874 New MEKK N/A 
Zosma193g00020 364 New MEKK N/A 
Zosma209g00210 353 New MEKK N/A 
Zosma22g00900 655 New MEKK N/A 
Zosma253g00060 871 New MEKK N/A 
Zosma26g00350 777 New MEKK N/A 
Zosma334g00080 690 New MEKK N/A 
Zosma388g00040 612 New MEKK N/A 
Zosma60g00470 634 New MEKK N/A 
Zosma64g00490 414 New MEKK N/A 
Zosma68g00400 610 New MEKK N/A 
Zosma70g00360 386 New MEKK N/A 
Zosma88g00540 349 New MEKK N/A 
Zosma88g00560 357 New MEKK N/A 
Zosma91g00370 591 New MEKK N/A 
Zosma96g00760 701 New MEKK N/A 
AT1G04700 1042 Known RAF Dispersed 
AT1G08720 933 Known RAF Dispersed 
AT1G14000 438 Known RAF Dispersed 
AT1G16270 1147 Known RAF Dispersed 
AT1G18160 992 Known RAF Dispersed 
AT1G62400 390 Known RAF Dispersed 
AT1G67890 765 Known RAF Dispersed 
AT1G73660 1030 Known RAF Dispersed 
AT1G79570 1248 Known RAF Dispersed 
AT2G17700 546 Known RAF Dispersed 
AT2G24360 411 Known RAF Dispersed 
AT2G31010 775 Known RAF Dispersed 
AT2G31800 476 Known RAF Dispersed 
AT2G35050 1257 Known RAF Dispersed 
AT2G42640 781 Known RAF Dispersed 
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AT3G01490 411 Known RAF Dispersed 
AT3G06620 773 Known RAF Dispersed 
AT3G06630 698 Known RAF Dispersed 
AT3G06640 730 Known RAF Dispersed 
AT3G22750 378 Known RAF Dispersed 
AT3G24715 1117 Known RAF Dispersed 
AT3G27560 356 Known RAF Dispersed 
AT3G46920 1155 Known RAF Tandem 
AT3G46930 515 Known RAF Tandem 
AT3G50720 377 Known RAF Tandem 
AT3G50730 371 Known RAF WGD/segmental 
AT3G58640 809 Known RAF WGD/segmental 
AT3G58760 534 Known RAF WGD/segmental 
AT3G59830 477 Known RAF WGD/segmental 
AT3G63260 391 Known RAF WGD/segmental 
AT4G14780 364 Known RAF WGD/segmental 
AT4G18950 459 Known RAF WGD/segmental 
AT4G23050 736 Known RAF WGD/segmental 
AT4G24480 956 Known RAF WGD/segmental 
AT4G31170 412 Known RAF WGD/segmental 
AT4G35780 570 Known RAF WGD/segmental 
AT4G38470 575 Known RAF WGD/segmental 
AT5G01850 357 Known RAF WGD/segmental 
AT5G03730 821 Known RAF WGD/segmental 
AT5G07140 583 Known RAF WGD/segmental 
AT5G11850 880 Known RAF WGD/segmental 
AT5G40540 353 Known RAF WGD/segmental 
AT5G49470 831 Known RAF WGD/segmental 
AT5G50000 385 Known RAF WGD/segmental 
AT5G50180 346 Known RAF WGD/segmental 
AT5G57610 1054 Known RAF WGD/segmental 
AT5G58950 525 Known RAF WGD/segmental 
AT5G66710 405 Known RAF WGD/segmental 
Glyma.01G052600 427 Known RAF WGD/segmental 
Glyma.01G132300 371 Known RAF WGD/segmental 
Glyma.01G161600 571 Known RAF WGD/segmental 
Glyma.01G217100 781 Known RAF Dispersed 
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Glyma.02G165800 660 Known RAF Dispersed 
Glyma.02G288300 454 Known RAF WGD/segmental 
Glyma.03G036000 371 Known RAF WGD/segmental 
Glyma.03G191000 810 Known RAF WGD/segmental 
Glyma.04G020100 532 Known RAF WGD/segmental 
Glyma.04G096000 927 Known RAF WGD/segmental 
Glyma.04G181500 357 Known RAF WGD/segmental 
Glyma.04G182700 386 New RAF WGD/segmental 
Glyma.04G188200 352 Known RAF WGD/segmental 
Glyma.05G002600 346 Known RAF WGD/segmental 
Glyma.05G036600 391 Known RAF WGD/segmental 
Glyma.05G037200 352 Known RAF WGD/segmental 
Glyma.05G167600 475 Known RAF WGD/segmental 
Glyma.05G220200 416 Known RAF WGD/segmental 
Glyma.05G245300 1016 Known RAF WGD/segmental 
Glyma.06G097700 448 Known RAF WGD/segmental 
Glyma.06G177700 352 Known RAF WGD/segmental 
Glyma.06G182900 342 New RAF WGD/segmental 
Glyma.06G183500 386 Known RAF WGD/segmental 
Glyma.06G276900 812 Known RAF WGD/segmental 
Glyma.07G101600 1026 Known RAF WGD/segmental 
Glyma.07G197200 498 Known RAF WGD/segmental 
Glyma.07G228000 421 Known RAF WGD/segmental 
Glyma.07G239600 770 Known RAF WGD/segmental 
Glyma.07G264700 381 Known RAF WGD/segmental 
Glyma.08G026500 416 Known RAF WGD/segmental 
Glyma.08G052700 1017 Known RAF WGD/segmental 
Glyma.08G126000 475 Known RAF WGD/segmental 
Glyma.08G151400 328 Known RAF WGD/segmental 
Glyma.08G165800 1245 Known RAF WGD/segmental 
Glyma.08G165900 1253 Known RAF WGD/segmental 
Glyma.08G237200 508 New RAF Dispersed 
Glyma.08G356500 1290 Known RAF WGD/segmental 
Glyma.09G009100 377 Known RAF WGD/segmental 
Glyma.09G035400 725 Known RAF WGD/segmental 
Glyma.09G177600 1022 Known RAF WGD/segmental 
Glyma.09G275900 370 Known RAF WGD/segmental 
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Glyma.10G104500 381 New RAF Dispersed 
Glyma.10G159200 930 Known RAF WGD/segmental 
Glyma.10G192700 1178 Known RAF WGD/segmental 
Glyma.10G226300 583 Known RAF WGD/segmental 
Glyma.10G284400 585 Known RAF WGD/segmental 
Glyma.11G007100 385 Known RAF WGD/segmental 
Glyma.11G082200 620 Known RAF WGD/segmental 
Glyma.12G128700 815 Known RAF WGD/segmental 
Glyma.12G211000 810 Known RAF WGD/segmental 
Glyma.13G094500 1110 Known RAF WGD/segmental 
Glyma.13G151100 836 Known RAF WGD/segmental 
Glyma.13G169300 366 New RAF WGD/segmental 
Glyma.13G179000 494 Known RAF WGD/segmental 
Glyma.13G223400 455 Known RAF WGD/segmental 
Glyma.13G238400 463 New RAF WGD/segmental 
Glyma.13G290400 810 Known RAF WGD/segmental 
Glyma.14G026700 453 Known RAF WGD/segmental 
Glyma.14G094400 924 Known RAF WGD/segmental 
Glyma.14G182700 952 Known RAF WGD/segmental 
Glyma.15G074900 462 Known RAF WGD/segmental 
Glyma.15G088500 456 Known RAF WGD/segmental 
Glyma.15G113500 378 Known RAF WGD/segmental 
Glyma.15G202000 1411 Known RAF WGD/segmental 
Glyma.15G213400 1222 Known RAF WGD/segmental 
Glyma.15G261100 1252 Known RAF WGD/segmental 
Glyma.15G261200 1243 Known RAF Tandem 
Glyma.15G270700 328 Known RAF WGD/segmental 
Glyma.15G271100 328 Known RAF Proximal 
Glyma.16G069200 349 Known RAF WGD/segmental 
Glyma.17G009300 381 Known RAF WGD/segmental 
Glyma.17G033700 771 Known RAF WGD/segmental 
Glyma.17G065700 1096 Known RAF WGD/segmental 
Glyma.17G090000 359 Known RAF WGD/segmental 
Glyma.17G090600 392 Known RAF WGD/segmental 
Glyma.17G105100 1388 Known RAF WGD/segmental 
Glyma.17G229100 933 Known RAF WGD/segmental 
Glyma.18G174200 1292 Known RAF WGD/segmental 
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Glyma.19G009500 367 Known RAF WGD/segmental 
Glyma.19G056300 348 Known RAF WGD/segmental 
Glyma.19G191600 808 Known RAF WGD/segmental 
Glyma.20G031300 423 Known RAF WGD/segmental 
Glyma.20G105300 583 Known RAF WGD/segmental 
Glyma.20G149000 381 Known RAF WGD/segmental 
Glyma.20G165800 557 Known RAF WGD/segmental 
Glyma.20G197800 1169 Known RAF WGD/segmental 
Glyma.20G229500 972 Known RAF WGD/segmental 
Gohir.1Z073500 937 New RAF N/A 
Gohir.1Z092600 321 New RAF N/A 
Gohir.A01G001900 570 New RAF WGD/segmental 
Gohir.A01G099800 1220 New RAF WGD/segmental 
Gohir.A01G151500 1038 New RAF Dispersed 
Gohir.A01G171300 640 New RAF WGD/segmental 
Gohir.A02G003900 353 New RAF WGD/segmental 
Gohir.A02G007000 474 New RAF WGD/segmental 
Gohir.A02G024800 1086 New RAF WGD/segmental 
Gohir.A02G033700 383 New RAF WGD/segmental 
Gohir.A02G054800 740 New RAF WGD/segmental 
Gohir.A02G064900 552 New RAF WGD/segmental 
Gohir.A02G175000 571 New RAF WGD/segmental 
Gohir.A03G017700 747 New RAF WGD/segmental 
Gohir.A03G057000 274 New RAF Dispersed 
Gohir.A03G096700 346 New RAF WGD/segmental 
Gohir.A03G102400 429 New RAF WGD/segmental 
Gohir.A04G066300 851 New RAF WGD/segmental 
Gohir.A04G132100 581 New RAF WGD/segmental 
Gohir.A05G005800 1081 New RAF WGD/segmental 
Gohir.A05G011400 1401 New RAF WGD/segmental 
Gohir.A05G042400 935 New RAF WGD/segmental 
Gohir.A05G066500 419 New RAF WGD/segmental 
Gohir.A05G161300 500 New RAF WGD/segmental 
Gohir.A05G182300 546 New RAF WGD/segmental 
Gohir.A05G218900 949 New RAF WGD/segmental 
Gohir.A05G242600 619 New RAF WGD/segmental 
Gohir.A05G355100 352 New RAF WGD/segmental 
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Gohir.A05G374000 782 New RAF WGD/segmental 
Gohir.A05G377800 458 New RAF WGD/segmental 
Gohir.A06G031600 915 New RAF WGD/segmental 
Gohir.A06G050100 1361 New RAF WGD/segmental 
Gohir.A06G089200 920 New RAF WGD/segmental 
Gohir.A06G123300 457 New RAF Dispersed 
Gohir.A06G152500 371 New RAF WGD/segmental 
Gohir.A07G001100 415 New RAF WGD/segmental 
Gohir.A07G155400 1230 New RAF WGD/segmental 
Gohir.A07G219500 379 New RAF WGD/segmental 
Gohir.A07G223900 354 New RAF WGD/segmental 
Gohir.A08G065000 380 New RAF WGD/segmental 
Gohir.A08G086100 1034 New RAF Dispersed 
Gohir.A08G193900 1277 New RAF WGD/segmental 
Gohir.A08G214000 1012 New RAF WGD/segmental 
Gohir.A09G029800 351 New RAF WGD/segmental 
Gohir.A09G066200 765 New RAF WGD/segmental 
Gohir.A09G135600 846 New RAF WGD/segmental 
Gohir.A09G218000 391 New RAF WGD/segmental 
Gohir.A09G234600 777 New RAF WGD/segmental 
Gohir.A10G009900 374 New RAF WGD/segmental 
Gohir.A10G026400 486 New RAF WGD/segmental 
Gohir.A10G033200 453 New RAF WGD/segmental 
Gohir.A10G146900 472 New RAF WGD/segmental 
Gohir.A10G172600 775 New RAF WGD/segmental 
Gohir.A11G067500 383 New RAF WGD/segmental 
Gohir.A11G171500 576 New RAF WGD/segmental 
Gohir.A11G186200 386 New RAF WGD/segmental 
Gohir.A11G256500 998 New RAF WGD/segmental 
Gohir.A12G003500 390 New RAF WGD/segmental 
Gohir.A12G047900 1311 New RAF WGD/segmental 
Gohir.A12G109400 414 New RAF WGD/segmental 
Gohir.A12G163500 437 New RAF WGD/segmental 
Gohir.A12G268600 1005 New RAF WGD/segmental 
Gohir.A12G273500 405 New RAF WGD/segmental 
Gohir.A13G085100 422 New RAF Dispersed 
Gohir.D01G001500 552 New RAF WGD/segmental 
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Gohir.D01G129100 859 New RAF WGD/segmental 
Gohir.D01G162300 575 New RAF WGD/segmental 
Gohir.D02G004300 353 New RAF WGD/segmental 
Gohir.D02G006600 475 New RAF WGD/segmental 
Gohir.D02G032000 1096 New RAF WGD/segmental 
Gohir.D02G040300 421 New RAF WGD/segmental 
Gohir.D02G059700 737 New RAF WGD/segmental 
Gohir.D02G059800 725 New RAF Tandem 
Gohir.D02G070800 552 New RAF WGD/segmental 
Gohir.D02G117000 346 New RAF WGD/segmental 
Gohir.D02G127300 430 New RAF WGD/segmental 
Gohir.D03G004800 571 New RAF WGD/segmental 
Gohir.D03G153900 747 New RAF WGD/segmental 
Gohir.D04G037900 458 New RAF WGD/segmental 
Gohir.D04G041500 782 New RAF WGD/segmental 
Gohir.D04G054600 374 New RAF WGD/segmental 
Gohir.D04G058100 352 New RAF WGD/segmental 
Gohir.D04G104400 851 New RAF WGD/segmental 
Gohir.D04G168700 581 New RAF WGD/segmental 
Gohir.D05G006500 1074 New RAF WGD/segmental 
Gohir.D05G012100 1403 New RAF WGD/segmental 
Gohir.D05G044100 931 New RAF WGD/segmental 
Gohir.D05G069000 419 New RAF WGD/segmental 
Gohir.D05G164100 500 New RAF WGD/segmental 
Gohir.D05G185300 546 New RAF WGD/segmental 
Gohir.D05G221600 948 New RAF WGD/segmental 
Gohir.D05G244000 557 New RAF WGD/segmental 
Gohir.D05G289200 746 New RAF WGD/segmental 
Gohir.D06G030800 915 New RAF WGD/segmental 
Gohir.D06G049400 1032 New RAF WGD/segmental 
Gohir.D06G087700 903 New RAF WGD/segmental 
Gohir.D06G140100 457 New RAF WGD/segmental 
Gohir.D06G158800 416 New RAF WGD/segmental 
Gohir.D06G196600 723 New RAF WGD/segmental 
Gohir.D07G001500 415 New RAF WGD/segmental 
Gohir.D07G022100 937 New RAF WGD/segmental 
Gohir.D07G161700 1286 New RAF WGD/segmental 
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Gohir.D07G231000 354 New RAF WGD/segmental 
Gohir.D08G073500 381 New RAF WGD/segmental 
Gohir.D08G118400 1038 New RAF Dispersed 
Gohir.D08G211700 1279 New RAF WGD/segmental 
Gohir.D08G231000 1013 New RAF WGD/segmental 
Gohir.D09G029500 368 New RAF WGD/segmental 
Gohir.D09G065400 765 New RAF WGD/segmental 
Gohir.D09G137700 852 New RAF WGD/segmental 
Gohir.D09G208700 470 New RAF WGD/segmental 
Gohir.D09G210000 355 New RAF WGD/segmental 
Gohir.D09G213000 470 New RAF WGD/segmental 
Gohir.D09G214400 355 New RAF WGD/segmental 
Gohir.D09G220500 391 New RAF WGD/segmental 
Gohir.D09G235400 776 New RAF WGD/segmental 
Gohir.D10G009600 374 New RAF WGD/segmental 
Gohir.D10G027000 486 New RAF WGD/segmental 
Gohir.D10G033900 453 New RAF WGD/segmental 
Gohir.D10G119200 472 New RAF WGD/segmental 
Gohir.D10G150400 391 New RAF WGD/segmental 
Gohir.D10G179100 775 New RAF WGD/segmental 
Gohir.D11G071400 377 New RAF WGD/segmental 
Gohir.D11G130100 391 New RAF WGD/segmental 
Gohir.D11G192800 386 New RAF WGD/segmental 
Gohir.D11G266300 1000 New RAF WGD/segmental 
Gohir.D12G003200 390 New RAF WGD/segmental 
Gohir.D12G046700 1311 New RAF WGD/segmental 
Gohir.D12G112400 414 New RAF WGD/segmental 
Gohir.D12G166500 427 New RAF WGD/segmental 
Gohir.D12G269000 1006 New RAF WGD/segmental 
Gohir.D12G274200 399 New RAF WGD/segmental 
Gohir.D13G077900 422 New RAF WGD/segmental 
Gorai.001G001200 415 Known RAF Dispersed 
Gorai.001G022800 937 Known RAF WGD/segmental 
Gorai.001G185100 1320 New RAF WGD/segmental 
Gorai.001G261300 381 Known RAF WGD/segmental 
Gorai.001G266100 354 Known RAF WGD/segmental 
Gorai.002G002100 552 Known RAF WGD/segmental 




Table A.1 (continued) 
Gene ID Length Identity Subfamily Duplicate type 
Gorai.002G159900 859 Known RAF WGD/segmental 
Gorai.002G201200 575 Known RAF WGD/segmental 
Gorai.003G005100 571 Known RAF WGD/segmental 
Gorai.003G162100 757 New RAF Dispersed 
Gorai.004G077900 381 Known RAF WGD/segmental 
Gorai.004G101000 1137 Known RAF WGD/segmental 
Gorai.004G225000 1277 New RAF WGD/segmental 
Gorai.004G245400 1013 New RAF WGD/segmental 
Gorai.005G004900 353 Known RAF WGD/segmental 
Gorai.005G007700 475 Known RAF WGD/segmental 
Gorai.005G035500 1096 New RAF Dispersed 
Gorai.005G044700 383 Known RAF WGD/segmental 
Gorai.005G067300 740 New RAF WGD/segmental 
Gorai.005G067400 739 Known RAF Tandem 
Gorai.005G080000 553 New RAF WGD/segmental 
Gorai.005G136700 346 New RAF Dispersed 
Gorai.005G142900 430 Known RAF WGD/segmental 
Gorai.006G034500 351 Known RAF WGD/segmental 
Gorai.006G056600 1038 Known RAF WGD/segmental 
Gorai.006G080100 767 Known RAF WGD/segmental 
Gorai.006G158200 851 Known RAF WGD/segmental 
Gorai.006G233100 509 Known RAF WGD/segmental 
Gorai.006G234800 355 Known RAF WGD/segmental 
Gorai.006G241500 391 Known RAF WGD/segmental 
Gorai.006G258400 804 Known RAF WGD/segmental 
Gorai.007G076700 377 Known RAF WGD/segmental 
Gorai.007G139200 391 Known RAF WGD/segmental 
Gorai.007G190200 576 Known RAF WGD/segmental 
Gorai.007G205800 398 New RAF Dispersed 
Gorai.007G286200 1000 New RAF WGD/segmental 
Gorai.008G003000 390 Known RAF WGD/segmental 
Gorai.008G049200 1315 New RAF Dispersed 
Gorai.008G121800 414 New RAF Dispersed 
Gorai.008G179300 427 Known RAF WGD/segmental 
Gorai.008G289300 1007 New RAF WGD/segmental 
Gorai.008G294700 399 Known RAF Dispersed 
Gorai.009G006600 1107 Known RAF WGD/segmental 




Table A.1 (continued) 
Gene ID Length Identity Subfamily Duplicate type 
Gorai.009G045200 923 Known RAF WGD/segmental 
Gorai.009G069900 419 New RAF Dispersed 
Gorai.009G169300 500 New RAF WGD/segmental 
Gorai.009G190600 546 Known RAF WGD/segmental 
Gorai.009G228800 948 New RAF WGD/segmental 
Gorai.009G253200 556 New RAF WGD/segmental 
Gorai.009G304300 786 New RAF Dispersed 
Gorai.009G408200 851 Known RAF WGD/segmental 
Gorai.010G033900 915 Known RAF WGD/segmental 
Gorai.010G056300 1360 Known RAF WGD/segmental 
Gorai.010G101300 919 New RAF WGD/segmental 
Gorai.010G163500 457 New RAF WGD/segmental 
Gorai.010G185600 371 Known RAF WGD/segmental 
Gorai.011G010500 374 Known RAF WGD/segmental 
Gorai.011G028300 486 New RAF WGD/segmental 
Gorai.011G035600 453 New RAF WGD/segmental 
Gorai.011G131000 472 New RAF WGD/segmental 
Gorai.011G167400 391 Known RAF WGD/segmental 
Gorai.011G200300 775 Known RAF WGD/segmental 
Gorai.012G042800 458 New RAF Dispersed 
Gorai.012G046800 782 Known RAF Dispersed 
Gorai.012G061300 374 Known RAF WGD/segmental 
Gorai.012G064800 353 Known RAF WGD/segmental 
Gorai.012G157000 591 Known RAF WGD/segmental 
Gorai.013G089100 422 Known RAF WGD/segmental 
GRMZM2G002531 534 New RAF WGD/segmental 
GRMZM2G007854 787 Known RAF Dispersed 
GRMZM2G011070 1221 New RAF N/A 
GRMZM2G014618 442 Known RAF WGD/segmental 
GRMZM2G018280 404 Known RAF WGD/segmental 
GRMZM2G019434 370 Known RAF Dispersed 
GRMZM2G028604 396 Known RAF WGD/segmental 
GRMZM2G028709 580 New RAF Dispersed 
GRMZM2G038982 903 Known RAF WGD/segmental 
GRMZM2G039106 1139 Known RAF WGD/segmental 
GRMZM2G045366 471 Known RAF Dispersed 
GRMZM2G048243 1071 Known RAF Dispersed 




Table A.1 (continued) 
Gene ID Length Identity Subfamily Duplicate type 
GRMZM2G055334 574 Known RAF WGD/segmental 
GRMZM2G059671 800 Known RAF Dispersed 
GRMZM2G063069 377 Known RAF WGD/segmental 
GRMZM2G063684 382 Known RAF WGD/segmental 
GRMZM2G072584 412 New RAF Dispersed 
GRMZM2G080499 792 Known RAF WGD/segmental 
GRMZM2G088299 382 Known RAF WGD/segmental 
GRMZM2G097878 561 Known RAF WGD/segmental 
GRMZM2G098187 762 Known RAF Dispersed 
GRMZM2G102088 415 Known RAF WGD/segmental 
GRMZM2G104283 602 Known RAF Dispersed 
GRMZM2G104658 562 New RAF Dispersed 
GRMZM2G110572 752 Known RAF WGD/segmental 
GRMZM2G111269 378 Known RAF Dispersed 
GRMZM2G114093 598 Known RAF Dispersed 
GRMZM2G127632 1032 New RAF Dispersed 
GRMZM2G131629 416 Known RAF WGD/segmental 
GRMZM2G140537 825 Known RAF WGD/segmental 
GRMZM2G140612 423 Known RAF WGD/segmental 
GRMZM2G152889 525 Known RAF WGD/segmental 
GRMZM2G156013 415 Known RAF WGD/segmental 
GRMZM2G159034 440 Known RAF Dispersed 
GRMZM2G160922 531 Known RAF Dispersed 
GRMZM2G163141 791 Known RAF WGD/segmental 
GRMZM2G164242 569 Known RAF Dispersed 
GRMZM2G165231 353 Known RAF Dispersed 
GRMZM2G171677 368 Known RAF Dispersed 
GRMZM2G175563 892 Known RAF WGD/segmental 
GRMZM2G326472 1114 Known RAF Dispersed 
GRMZM2G413069 869 Known RAF Dispersed 
GRMZM2G448213 675 Known RAF Dispersed 
GRMZM2G459854 593 Known RAF WGD/segmental 
GRMZM2G465833 529 Known RAF WGD/segmental 
GRMZM2G474546 593 Known RAF WGD/segmental 
GRMZM2G481005 1265 Known RAF Dispersed 
GRMZM5G814851 594 Known RAF WGD/segmental 
Solyc01g010950.2 430 Known RAF Dispersed 
Solyc01g059860.2 760 Known RAF Dispersed 
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Table A.1 (continued) 
Gene ID Length Identity Subfamily Duplicate type 
Solyc01g097980.2 982 Known RAF Dispersed 
Solyc01g111880.2 563 Known RAF WGD/segmental 
Solyc02g031860.2 1221 New RAF Proximal 
Solyc02g031910.2 1242 New RAF Proximal 
Solyc02g071740.2 461 Known RAF WGD/segmental 
Solyc02g076780.2 741 Known RAF Dispersed 
Solyc02g078140.2 504 Known RAF WGD/segmental 
Solyc02g083290.2 562 New RAF WGD/segmental 
Solyc02g085620.2 371 New RAF Dispersed 
Solyc02g093410.2 353 Known RAF Dispersed 
Solyc03g005920.2 462 New RAF WGD/segmental 
Solyc03g006400.2 480 Known RAF WGD/segmental 
Solyc03g114210.2 391 New RAF WGD/segmental 
Solyc03g114310.2 351 Known RAF Dispersed 
Solyc03g119140.2 1031 Known RAF Dispersed 
Solyc03g121780.1 311 Known RAF Dispersed 
Solyc04g014690.2 377 Known RAF WGD/segmental 
Solyc04g071120.2 541 New RAF Dispersed 
Solyc04g076480.2 958 Known RAF Dispersed 
Solyc05g013070.2 436 New RAF Dispersed 
Solyc06g068980.2 989 Known RAF Dispersed 
Solyc06g071410.2 394 Known RAF WGD/segmental 
Solyc07g006760.2 1083 Known RAF Dispersed 
Solyc07g007140.2 1415 Known RAF Dispersed 
Solyc07g042680.2 412 Known RAF WGD/segmental 
Solyc07g042890.2 412 Known RAF Dispersed 
Solyc07g055130.2 813 Known RAF Dispersed 
Solyc07g055870.2 459 Known RAF Dispersed 
Solyc08g007910.2 723 Known RAF WGD/segmental 
Solyc08g014450.2 472 New RAF Dispersed 
Solyc08g065250.2 746 New RAF Dispersed 
Solyc08g080460.1 756 Known RAF WGD/segmental 
Solyc09g009090.2 837 Known RAF WGD/segmental 
Solyc09g018060.2 310 Known RAF Dispersed 
Solyc09g082470.2 395 New RAF Dispersed 
Solyc09g091460.2 1235 New RAF Dispersed 
Solyc10g017490.1 439 Known RAF Dispersed 




Table A.1 (continued) 
Gene ID Length Identity Subfamily Duplicate type 
Solyc10g083610.1 829 Known RAF WGD/segmental 
Solyc10g085570.1 793 Known RAF WGD/segmental 
Solyc11g012050.1 374 Known RAF WGD/segmental 
Solyc12g009340.1 400 Known RAF WGD/segmental 
Solyc12g013980.1 391 Known RAF Dispersed 
Solyc12g019410.1 469 Known RAF Dispersed 
Solyc12g062280.1 362 New RAF Dispersed 
Solyc12g094410.1 569 New RAF Dispersed 
Solyc12g099250.1 766 Known RAF Dispersed 
Zosma107g00710 592 New RAF N/A 
Zosma117g00130 391 New RAF N/A 
Zosma146g00510 520 New RAF N/A 
Zosma155g00360 371 New RAF N/A 
Zosma160g00390 447 New RAF N/A 
Zosma173g00130 573 New RAF N/A 
Zosma199g00230 359 New RAF N/A 
Zosma19g00030 1400 New RAF N/A 
Zosma19g00420 405 New RAF N/A 
Zosma1g01920 1299 New RAF N/A 
Zosma216g00040 745 New RAF N/A 
Zosma261g00180 368 New RAF N/A 
Zosma289g00100 1019 New RAF N/A 
Zosma31g00240 469 New RAF N/A 
Zosma3g01460 922 New RAF N/A 
Zosma50g00950 1042 New RAF N/A 
Zosma58g00140 992 New RAF N/A 
Zosma59g00800 521 New RAF N/A 
Zosma62g00330 814 New RAF N/A 
Zosma63g00330 353 New RAF N/A 
Zosma63g00600 688 New RAF N/A 
Zosma64g00150 557 New RAF N/A 
Zosma69g00340 1219 New RAF N/A 
Zosma91g00270 436 New RAF N/A 
Zosma9g00610 366 New RAF N/A 
Table of all identified MAP3Ks in seven plant species.  The columns from left to right 
indicate gene identifiers, length of the longest transcript variant used for all analyses, 
novelty of the protein compared to previous MAP3K examinations, subfamily 










Table B.1 Table of primers used for VIGS and qRT-PCR for GhAct7 




VIGS GhAct7_F CGTTAACCTCACATCGTGCCAATCTATG 309 294 
VIGS GhAct7_R GGACTAGTGGCAACGGAATCTCTCAGCT 
qRT-
PCR 




Primers used to amplify VIGS silencing fragment for GhAct7 and the primers used to 
check GhAct7 expression using qRT-PCR.  Expected PCR amplicon size and VIGS insert 
size is indicated beside each set of primers.  The “type” column indicates the function of 
each primer. 
Table B.2 Table of primers used for VIGS and qRT-PCR for GhILK1.1 




VIGS GhILK1.1_F GCGTTAACCTCAAATAGGGCGTTAAAACG 190 174 
VIGS GhILK1.1_R CCACTAGTATGGTGGAGTCCAAATTCTCC 
qRT-
PCR 




Primers used to amplify VIGS silencing fragment for GhILK1.1 and the primers used to 
check GhILK1.1 expression using qRT-PCR.  Expected PCR amplicon size and VIGS 
insert size is indicated beside each set of primers.  The “type” column indicates the 









Table B.3 Table of primers used for VIGS and qRT-PCR for GhILK1.2 







VIGS GhILK1.2_R GGACTAGTCGGCACCGACATCTCATCTT 
qRT-
PCR 






Primers used to amplify VIGS silencing fragment for GhILK1.2 and the primers used to 
check GhILK1.2 expression using qRT-PCR.  Expected PCR amplicon size and VIGS 
insert size is indicated beside each set of primers.  The “type” column indicates the 
function of each primer. 
 
 
Table B.4 Table of primers for VIGS and qRT-PCR for GhILK1.3 




VIGS GhILK1.3_F GGGGTTAACTCAGTTAAACCGGGGAATCTC 212 195 
VIGS GhILK1.3_R GGACTAGTTCAAGGTTTTCCGGCACC 
qRT-
PCR 




Primers used to amplify VIGS silencing fragment for GhILK1.3 and the primers used to 
check GhILK1.3 expression using qRT-PCR.  Expected PCR amplicon size and VIGS 
insert size is indicated beside each set of primers.  The “type” column indicates the 











Ipomea batatas is a critically important global commercial crop whose genome 
has – until recently - escaped serviceable assembly and annotation due to its highly 
polymorphic allo-autohexaploid genome (84).  A reference sweet potato proteome is also 
presently lacking.  In order to evaluate the performance of two methods for protein 
extraction from sweet potato leaves and tuberous roots, mass spectrometry-identified 
peptide fragments were BLASTed against the Ipomoea taxon on NCBI.  The resulting top 
hits were subjected to gene ontology analyses in order to explore the composition of leaf 
and root proteomes and evaluate the efficacy of two distinct methods of protein 
extraction and solubilization (85).  
Methods 
Peptide spectra from mass-spectrometry identified proteins were previously 
matched against the NCBI Ipomoea taxon (taxid: 4119) protein dataset using MASCOT 
v2.4.  Protein coding sequences were retrieved for all 4,321 unique hits using NCBI.  The 
PANTHER HMM Scoring tool was used to score protein sequences against the entire 
PANTHER HMM library which was last updated 2/8/18 (86).  Top HMM hits below an 
e-value cutoff of 0.001 were kept for further analysis resulting in 4286/4321 (99.2%) 
sequences being mapped to a PANTHER family.  PANTHER Generic Mapping files 
were generated for individual datasets in R for GO term enrichment.  Protein classes were 
retrieved using the PANTHER.db (v1.0.4) package.  GOSLIM terms were identified 
using the PANTHER GOslim OBO file available from 
“http://data.pantherdb.org/PANTHER13.1/ontology/PANTHERGOslim.obo” using the 




Unique protein identification 
4,321 unique proteins were identified using top BLAST hits of the sweet potato 
peptide fragments.  Method 1 (M1; phenol-based protein extraction method) identified 
2,681 and 2,641 unique proteins from leaf and root tissue respectively.  Method 2 (M2; 
polyethylene glycol 4000 fractionation-based method) identified 1,589 and 1,368 unique 
proteins from leaf and root tissue respectively.  Both methods were tested on 4 technical 
replicates within both tissue types and resulted in the identification of similar numbers of 
proteins, indicating the high reproducibility of the extraction workflow.  Independent of 
method, 3,142 leaf and 2,925 root proteins were identified, representing 4,321 unique 
proteins – the largest dataset of I. batata proteins to date.   
An examination of differences between the two methods revealed uniquely 
extracted proteins in both leaf (1,554 unique proteins identified using M1 but missed by 
M2; 461 unique proteins identified by M2 and missed by M1) and root (1,558 unique 
proteins identified by M1 and missed by M2; 285 unique proteins identified by M2 and 
missed by M1).  Overall, although leaf tissue yielded a slightly higher number of unique 
proteins (3,142 hits independent of method in leaf vs 2,925 from root tissue), M1 
surpassed M2 in both the total number of proteins extracted (3,839 vs 2,203 in M2) and 
the number of proteins extracted from both leaf and root tissue. 
Mapping PANTHER classes within extraction methods 
PANTHER protein classes were mapped to identified peptides to identify protein 
classes with significant overrepresentation and differential accumulation across method 
or tissue type. Comparing M1 with M2 preparations, we found marked differences 
 
98 
regarding both the identity of protein class and number of members per class (Figure 
C.1).  Overall, M1 greatly outperformed M2 in the contribution to members in individual 
protein classes with 121 classes having more members identified using M1 (average 275 
proteins/class), compared to 20 classes receiving more members from M2 (average 170 
proteins/ class). Proteins belonging to 152 unique protein classes were identified across 
the two methods, with 11 classes common between M1 and M2.  Cytoskeletal proteins, 
transferases, transfer/carriers, G-proteins and signaling molecules were among the protein 
classes with the highest representation in both M1 and M2 preparations. DNA-binding 
proteins, such as polymerases and centromere-binding factors, and small GTPases were 
preferentially extracted by M1; on the other hand, extracellular matrix proteins and 




Figure C.1 Comparison of most differentially expressed protein classes between M1 
and M2. 
GO term descriptions populate the y-axis with the number of proteins identified from 
either method populating the x-axis.  All displayed protein classes have at least a 2-fold 




Mapping PANTHER classes within tissues 
Mapping PANTHER classes across tissue types revealed that root tissue allowed 
for both a larger variety and number of protein classes to be extracted from sweet potato 
(Figure C.2).  Overall, 72 protein classes were preferentially extracted from root tissue, 
compared to 65 classes from leaf tissue; only 15 protein classes were identified in both 
tissues.  The roots yielded nine unique protein classes, among which enzymes including 
Ser/Thr receptors, ribonucleases, and polymerases had a good representation. The leaf 
tissue yielded 13 unique protein classes including G-protein coupled receptors and other 
non-receptor tyrosine kinases, proteases and protease inhibitors. An enrichment analysis 
showed significant overrepresentation of GO terms associated with primary metabolic 
processes and with the localization, intracellular transport, and exocytosis of proteins; in 
addition, amylases involved in the conversion of starches into simple sugars and SNARE 
proteins mediating vesicle fusion were 3.5-fold enriched in roots versus leaves 
preparations. On the other hand, terms associated with protein translation; chromatin 
remodeling and photosynthetic processes were overrepresented in leaves, indicating 




Figure C.2 Comparison of most differentially expressed protein classes between leaf 
and root tissue. 
GO term descriptions populate the y-axis with the number of proteins identified from 
either tissue populating the x-axis.  All displayed protein classes have at least a 2-fold 




Examination of Biological Process GO terms across extraction methods 
An analysis of GO biological processes (BP) terms across methodologies 
identified 156 unique terms across M1 and M2 (Figure C.3). M1 greatly outperformed 
M2 in the identification of proteins within unique BP terms.  Of all examined proteins, 
M1 and M2 identified completely all constituents within 52 and 16 BP terms 
respectively, with 12 terms equally represented by either method.  Further, of the 156 BP 
terms identified, 154 (98.7%) were populated using hits identified using M1.  This is in 
contrast to the 90 BP terms (57.7%) which were at least halfway populated using hits 
identified using M2.  Further, M1 identified proteins categorized across a wider breadth 
of BP terms with all 156 terms identified by M1 and only 142 terms identified by M2.  
M2 failed to identify proteins associated with aspects of growth and development 






Figure C.3 Differential examination of Biological Process (BP) GO terms identified by 
M1 and M2. 
Dots represent the frequency of uniquely identified proteins from either Method 1 or 
Method 2.  Bars connecting dots represent the difference in the number of proteins 
extracted by either Method with all highlighted bars showing at least a 50% increase in 




Examination of Cellular Component terms across extraction methods 
Examining GO cellular component (CC) terms yielded similar observations.  
Within the 44 identified CC terms, 17 and 1 terms were fully populated using M1 and M2 
respectively.  All identified CC terms were at least halfway populated using M1, whereas 
M2 resulted in at least 50% population within only 15 CC terms (34%).  M1 exclusively 
identified proteins associated with the peroxisome (12 proteins), nucleoplasm (15 
proteins), and tubulin complexes (6 proteins).  Protein transport, mRNA processing and 
translation, and lipid metabolism were terms showing the largest difference between 
methods, with more proteins in these GOBP terms extracted by M1. Similarly, M1 
extracted more efficiently proteins localized in the membrane, cytosol, nucleus, and 
ribosomal proteins. While both methods performed equally well for proteins localized 
within the cell wall , neither M1 nor M2 extracted well proteins associated with the 




Figure C.4 Differential examination of Cellular Component (CC) GO terms identified 
by M1 and M2. 
Dots represent the frequency of uniquely identified proteins from either Method 1 or 
Method 2.  Bars connecting dots represent the difference in the number of proteins 
extracted by either Method with all highlighted bars showing at least a 50% increase in 





Mass spectrometry-identified peptide fragments were mapped to representative, 
homologous protein sequences using BLAST.  4,321 unique hits were identified, 
representing proteins extracted from sweet potato leaf and root tissues using two protein 
extraction methodologies.  Unique hits were mapped to PANTHER families and analyzed 
to show that Method 1 – a phenol-based protein extraction method – consistently 
identified a larger number and variety of protein classes compared to Method 2.  Gene 
ontology annotations revealed similar observations regarding Biological Process, Cellular 
Component, and Molecular Functions between the two methods.  Finally, a comparison 
of tissue types revealed that although a similar number of proteins were extracted from 
both leaf and root tissues, differences in quantity, mapped protein class, and ontology-




RNA-SEQ ANALYSIS OF ARABIDOPSIS MUTANT PLANTS WITH ALTERED 





The collection of all RNA expressed by the genome of a cell is termed 
collectively as its transcriptome.  Although not every gene is transcriptionally active at all 
times (or in all tissues), changes in gene expression can be measured using transcriptome 
data to assess global transcriptional responses to environmental stresses.  Arabidopsis 
plants with reduced ILK1 expression were subjected to two distinct treatments – salt 
stress induced through NaCl and biotic stress induced through the bacterial pathogen-
associated molecular pattern flg22.  RNA sequencing was utilized to capture 
transcriptional responses following stress perception at 4 different time points for both 
stresses.  The identification of differentially expressed genes and gene transcripts was 
presently examined to uncover the role of ILK1 in mediating salt stress responses and 
PAMP-triggered immunity. 
Methods 
Raw reads were initially obtained from Arabidopsis tissues treated with either the 
flg22 PAMP or NaCl at four distinct time points: 0 hours, 3 hours, 6 hours, and 12 hours 
after treatment.  Original raw read data was filtered using Trimmomatic v0.32.  Trimmed 
reads were aligned to the Araport11 reference genome for Arabidopsis acquired from 
Phytozome using HISAT2 v2.0.4.  FASTQC v0.11.3 was used to assess quality of reads.  
Transcript assembly and quantitation was performed using Stringtie v1.3.0.  Gffcompare 
v0.10.5 was used to assess quality and precision of transcript assembly.  Ballgown 




Results of trimming raw reads 
RNA sequencing initially generated around 394 and 421 million 50bp-long pair-
ended reads from the NaCl and flg22 treatments.  Reads were acquired from three 
biological replicates at four different time points in both wild type control and ILK1 
knockdown plants for both treatments resulting in a total of 48 samples averaging around 
17 million reads per sample.  In order to filter lower quality reads from the dataset, raw 
reads were trimmed using Trimmomatic.  First, all base pair calls below a quality score of 
28 at the beginning of reads were cut.  A sliding window approach examining 4 base 
pairs at a time - starting at the 5’ end of reads - was then implemented to clip individual 
reads once the average quality within the window fell below 28.  Finally, all remaining 
reads that were not at least 36 base pairs long were removed.  This resulted in an average 
of around 13 million (77%) high-quality, pair-ended reads remaining for each sample.   
Mapping trimmed reads and transcript assembly 
Trimmed reads were mapped against the Araport11 Arabidopsis reference 
genome using HISAT2.  Around 91% of reads were aligned to a single position within 
the genome and an average overall alignment rate of 98.6% was reported among all 
examined samples.  Reads were assembled and counted using Stringtie, generating 
65,491 transcripts across 26,192 genes.  An assessment of the assembled genes and 
transcripts revealed excellent overlap with the Araport11 reference genome.  Although 
the Araport11 reference genome appears to encode 494 duplicated annotations, of the 
27,172 predicted unique genes, Stringtie assembled reads covering 100% of the genes at 
least partially across all samples and only resulted in the prediction of 623 (2.4% of 
 
110 
predicted genes) novel loci.  No reference exons were missed and only a single reference 
intron was absent, while only 2,646 novel exons (1.2% of all predicted exons) and 2,275 
novel introns (1.6% of all predicted introns). 
Transcript-level differential expression analysis 
Differential expression analysis using Ballgown revealed no significant 
differential expression for any genes at any time points between ILK1 knockdown and 
WT control plants when using multiple testing correction where significant differential 
expression was set to include any gene with a q-value of at least 0.05 and a log2 
normalized fold change of at least 2 in either the NaCl or the flg22 datasets.  Given the 
reduced transcriptional reprogramming effect associated with ILK1 knockdown, the 
change in expression might be better quantified by not correcting significance testing 
results for changes in expression within the whole genome dataset.  Reducing the 
stringency of the analysis to keep all transcripts with a p-value below 0.05 while 
maintaining the previous fold change criteria, however, resulted in differentially 
expressed transcripts resulting from both examined treatments (Figure D.1 and Figure 
D.2).  In total, 170, 439, 297, and 214 assembled transcripts were differentially expressed 
at 0, 3, 6, and 12 hours respectively following NaCl treatment.  Following the flg22 
treatment, 235, 160, 241, and 303 transcripts were found to be similarly differentially 
expressed.  11, 13, 21, and 9 differentially expressed transcripts were shared between the 




Figure D.1 Transcript-level differences in expression following NaCl treatment 
between ILK1 knockdown and wild type control Arabidopsis 
For each of the 4 examined time points (0 hour, 3 hours, 6 hours, and 12 hours after 
treatment), assembled transcripts are plotted in the above volcano plots.  The legend 
below each plot describes the significance of each plotted transcript.  Significant 
differentially expressed transcripts are labelled as red dots and display a log2(Fold 








Figure D.2 Transcript-level differences in expression following flg22 perception 
between ILK1 knockdown and wild type control Arabidopsis 
For each of the 4 examined time points (0 hour, 3 hours, 6 hours, and 12 hours after 
treatment), assembled transcripts are plotted in the above volcano plots.  The legend 
below each plot describes the significance of each plotted transcript.  Significant 
differentially expressed transcripts are labelled as red dots and display a log2(Fold 








Figure D.3 Time-series comparison of differentially expressed transcripts during NaCl 
and flg22 treatments 
Differentially expressed transcripts were identified in both examined treatments.  Within 
individual time points, differentially expressed transcripts shared between treatment types 








Marker genes, previously found to be differentially expressed alongside ILK1 
during either flg22 or NaCl treatment showed only slight changes in expression.  These 
differences were generally not considered significant under the current significance 
thresholds.  An exception is the WRKY29 gene, which was found to be upregulated 70% 
following flg22 treatment after correction for confounding variables associated with time; 
previous examinations of WRKY29 in ILK1 knockdown mutants have reported similar 
increases in expression (9).  FRK1 was another marker gene found to previously be 
upregulated in ILK1 knockdown plants in response to flg22.  The current dataset suggests 
only a slight 17% increase in expression. The salt stress marker Rd29A was also 
previously reported as showing significantly lower expression in ILK1 knockdown 
mutants during salt stress responses.  Correction for confounding variables associated 
with time did not produce a significant change in Rd29A expression following NaCl 
treatment in ILK1 knockdown mutants. 
Conclusion 
High-quality reads were assembled into genes and transcripts which mapped with 
high precision and sensitivity to the reference Arabidopsis genome, showing high 
differential expression along the abiotic and biotic stresses and reduced transcriptional 
reprogramming for the ILK1 gene knockdown.  Differentially expressed genes were not 
identified using multiple testing correction thresholds within either treatment or at any 
examined time point.  A possible explanation for this observation might originate in the 
function of ILK1.  ILK1 is a Raf-like MAP3K protein kinase functioning in signal 
transduction pathways.  Alternative signaling kinases or different pathways may work 
alongside ILK1 to respond to perceived stresses, resulting in functional redundancy where 
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the measurable differences in gene expression are muffled by alternative genes 
functioning to activate similar sets of transcripts for identical downstream responses.  
However, subsets of differentially expressed genes – including a known immune 
response marker WRKY29 – were identified when eliminating the multiple testing 
correction, indicating that stress related transcriptional effects are associated with ILK1-
mediated pathways.  Further, insights into the role of ILK1 from these datasets might also 
be gained through the use of alternative differential expression analysis pipelines. 
